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I. INTRO i]iaCTION 
The caustic soda industry is recognized as an essential 
element of our modern culture. At present about two-thirds 
of the caustic soda manufactured in this country is produced 
"by the electrolytic process. Although this process was 
introduced about fifty years ago, no major changes in the 
basic process hams-been accepted by the industry. Admittedly, 
there have been changes in equipment, such as in cell and 
evattorator design, and a purification process has been added 
bf some plants; but the basic process still remains unchanged. 
Although a small amount of the caustic soda produced in the 
United States is made by the electrolytic process utilizing 
mercury cathode cells, the major portion of electrolytic 
caustic is manufactured by the process using diaphragm cells. 
It is this latter process with irshich this research project 
is concerned. 
In the process utilizing diaphragm cells a saturated 
brine is made up and purified so as to remove any calcium, 
magnesium, and iron present. Usually this is carried out by 
a. lime-soda treatment. This treated brine is then fed to 
the electrolytic cells and is subjected to electrolysis. 
In this operation three products are formed; chlorine, 
hydrogen, and the cell effluent containing both salt and 
caustic soda in solution. The actual concentration of the 
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effluent depends ttpon tlie tirpe of cell used and the operat­
ing conditions; "but tiie usual concentration varies from 100 
to 135 grams of sodiiim hydroxide per liter and 170 to 130 
grams of sodium chloride per liter. This solution zaust be 
concentrated in order to recover the salt and to produce a 
caustic of marketable concentration- Modern practice in­
volves the use of multiple effect evaporators to concentrate 
the cell effluent to a 50 percent caustic. To prevent con­
tamination of the caustic mth iron, modern evaporators have 
bodies constructed of nicfeel-clad steel and heater tubes of 
nic^ jel. Forced circulation is normally used to obtain higher 
evaporator capacity. Since salt is less soluble in concen­
trated caustic solutions, the salt precipitates during the 
evaporation. This is removed in special settling chambers. 
The 50 percent caustic solution is cooled and filtered, 
leaving a product containing about 1 percent salt. The major 
portion of the caustic produced today is shipped as a 50 
percent solution, Sojjse industries demand a caustic free 
frojs salt and sodiiam chlorate; and, as a result, a nusiber of 
processes have been developed by which this purification 
step can be accomplished. If a more concentrated product is 
desired, the 50 percent solution is evapora.ted to 65 to 'J'S 
percent in a single effect evaporator. This is then pumped 
to cast iron caustic pots and heated by direct fire to 
produce anhydrous caustic. 
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It is tlie purpose of this research project to develop 
a neiT metliod of concentrating tlie effluent from the chlorine-
caustic cell. In the proposed process the water of the 
solution is removed by electrolyzing it rather than removing 
it "by the conventional evaporation method. The development 
of a process which novCLd replace the evaporation step isroiild 
he of particular importance for three reasons: (i) the 
evaporators are very expensive pieces of equipment, (2) they 
require a large amount of maintenance, and (3) their oper­
ation is costly. Although it is obvious that the electrical 
energy, used in the new process -srould be more costly than 
the steam used in the evaporation, the proposed process 
furnishes two additional sala.ble products; namely, hydrogen 
and oxygen. The sale of these by-products coiild conceivably 
more than make TO the difference between the cost of the 
steam and the cost of the power, and thus provide, a means 
of increasing the profit derived from the production of 
caustic. 
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II. HSVI2iT OF THE LITE5UTURS 
A. The Alkali Chlorine Industry-
Man has long needed a source of alkali; but it has only 
"been with the growth of the chemical industry that large 
quantities have "been available. The principal sources, prior 
to Le Blanc's discovery, were natural deposits and that ex­
tracted from ashes of seaweed and wood (14). In 1775 the 
French Acadeiay of Science offered a prize for the invention 
of a practical process for the manufacture of soda. With 
this as an incentive, Le Blanc developed his no-sr famous 
process and was granted a patent in 1791, Basically, the 
process consists of reducing salt cake -srith carbon to form 
sodium sulfide, leaching out the soliible sodium sulfide, and 
the subsequent treatment of the sulfide -with hydrated lime 
to form caustic soda and relatively insoluble calcium sulfide. 
To produce salt cake, salt T?as reacted with sulf\iric acid, 
thus producing hydrogen chloride as a by-product. 
This by-product hydrogen chloride was a nuisance at 
first, but later it was utilized as the raw material for 
the production of chlorine by the l^ ldon and the Deacon 
processes. This interest in chlorine was brought about by 
the development of bleaching powder and its use in the 
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textile industry. Heitlier of these processes iias any appreci­
able application at the present time. 
In I80I "Smest SolYay rediscovered and perfected an old 
process known as the aEanonia-soda process. A number of 
plants -were built; and the economic struggle that followed 
has been termed by Horine (7) "The ^ ar of the Alkali Industry". 
The Solvay process survived this economic battle and today 
is still the only major method of producing soda ash. To 
produce caustic soda from soda ash, the soda ash is reacted 
with lime. The process yields a fairly pure product 
commonly known as chemical caustic. 
In 1800 Cruickshank in England discovered that an 
electric current could cause sodium chloride to break up 
into chlorine and sodium. Fifty-one years later Charles 
Watt, even before the development of the dyanmo, was granted 
an English patent for the electrolytic production of chlorine 
and caustic soda. The development of the process was slow 
until about 1891 when, due to the great demand for bleaching 
powder for the ea^ janding textile and paper industry, more 
attention was given to the developing cells capable of 
carrying out the process. The first commercial installation 
utilizing the electrolytic process in this country was the 
"Slectro-Chemical Company at Rumford Falls, Maine, which was 
established in 1892, These cells were the bell jar type but 
s 
were later replaced "by the LeSueur diaphragm cells. In 1895 
Mathieson Alkali at Saltrille, Virginia, developed the 
sercmy cathode cell, and called it the Castner cell (15). 
Since that time there have been hundreds of patents granted 
on various types of cells but the basic process has re­
mained unchanged. Eorine (7) explains the situation thus: 
In conception the electrolytic method of making caustic 
soda and chlorine from brine is extremely simple. The 
requirements are merely a pair of electrodes and the 
passage of a direct current from one to the other in 
the brine. The primary products formed in so simple 
a cell, however, •woiild immediately enter into second­
ary reactions and not be available as desired. The 
numerous modifications of the simple cell that have 
been brought out represent just so many atten^ ts to 
control or eliminate these seconday reactions.(p. 69). 
At present the Hooker Type-S cell is the most popular in 
this country. Yorce (25) has presented an excellent summary 
of the history of the caustic-chlorine industry in the 
United States. 
There are two principal classes of chlorine-caustic 
cells in use today; namely, the diaphragm cell and the mer­
cury cell. (This excludes those cells which use a fused 
electrolyte and produce chlorine and a pure metal). The 
over-all process differs depending upon which of the two 
classes of cells is used. The essential steps in the process 
using diaphragm cells are (l) preparation and purification 
of the brine, (2) electrolysis of the brine, and (3) evapo­
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ration of tlie cell liquor in order to obtain a more concen­
trated caustic. In plants using mercury cells, the evapo­
ration step can be omitted since the concentration of the 
caustic can be controlled by regulating the amount of -crater 
fed to the aiaalgam decomposer. The diaphragm cell ha-s been 
by far the most popular cell in this country, while the 
German industry has preferred the mercury cell. The Germans 
did a great deal of development ^ orfe on mercury cells during 
"forld War II; and this information has been made available 
in the United States throtigh the Office of Technical Service 
reports. A few new jaercory cell installations are appearing 
in this country, and it seexas that this type of cell may 
become of increasing importance due to the demand for higher 
grade caustic which is produced by the mercuiy cell. Although 
the mercury cell produces a purer product, it requires more 
po-srer and a larger floor space than the diaphragm cell (11). 
The caustic from diaphragm cells, after it has been concen­
trated to a 50 percent solution, contains about 1 percent 
salt and a small ainotint of sodi'jm chlorate. These impurities 
can be removed in order to produce a high grade product, but 
only ^ ith additional expense. The processes utilized at 
present for purification are (l) the crystallisation of one 
of the hydrates cf sodim hydroxide, (2) precipitation of 
HaC!l-lJa0H*Na2S04 irhich removes the salt but not the chlorate. 
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and (3) the extraction of the salt and chlorate with liquid 
aiainoriia (21<0. MacHullin (11) has sixamarized the compa-xison 
bet^ yeen the field of application of the mercury cell and 
the diaphragm cell as follows: 
I. The total investment cost for chlorine and caustic 
soda is approximately of the saae order of magnitude 
for hoth the diaphragm cell process and the mercury 
cell process. 
3. The cost of production for the tw processes is of 
the same order of magnitude. 
5. Ihere regular grade caustic is all that is desired, 
diaphragm cell process is slightly more favorable. 
4. e^re pxire caustic is required, the mercury cell 
process is more favorable. 
5. Purification of diaphragm cell caustic on any scale 
less than 50 tons per day is considered uneconomical 
and not competitive with mercu3:y cell caustic. 
S, "Hiere electric power is relatively cheap and fuel 
is relatively eroensive, the mercury cell process is 
favored. 
7. Where cheap salt in the form of brine is available, 
the di8.phragffi cell process is favored. 
8. Co-ordinated operation of diaphragm and mercury 
cells, the latter using the recovered salt from the 
former, is a particularly favorable combination. 
9. For producing caustic potash, the merctxry cell 
process is favored. 
10. e^re there is an outlet for one or more specialty 
products which can be made from sodium amalgam, the mer­
cury cell process is favored. 
II. Consideration of possible future improvements in 
electrolytic chlorine cells indicates that some of the 
drawbacks to the mercury cell process are quite likely 
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to be overcome, and therefore further development and 
investment in merciiry cells in the United States is 
considered a so"und proposition, (p. 43). 
Although practically all of the chlorine produced today 
in this country is produced electrolytically, there is one 
exception which should be mentioned. This is the Solvay 
Corporation's plant at Hopewell, Virginia. In this process 
salt is treated -Krith nitric acid to produce chlorine and 
sodium nitrate. Although many serious problems have had to 
be overcoiae, particularly in materials of construction, it 
appears that the process is operating satisfactorily (15). 
The caustic soda industry has undergone considerable 
change since the Solvay process was first introduced. At 
first, all of the caustic produced was chemical caustic; but 
slowly the amoxmt of caustic produced electrolytically in­
creased until in 1937 the two processes T?ere equal in pro­
duction. Since that time the amount of caustic produced from 
soda, ash has increased but not nearly as rapidly as that pro­
duced electrolytically. In 1S48 about 70 percent of the 
caustic soda produced in the United States was produced 
electrolytically. A comparision of the production of chemical 
caustic and electrolytic caustic soda in this country is 
shoim in Table I. The major portion of this material is 
marketed as a 50 percent solution, thus eliminating a good 
part of the evaporation process. Eo-s?ever, this does increase 
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Table 
United States Caustic Soda Production, Tons 
Year* Chemcal 
Caustic 
•Electrolytic 
Caustic 
Total 
1921 183,044 75,547 238,591 
1923 314,195 122,424 436,619 
1925 355,783 141,478 497,261 
1927 387,235 18^ ,182 573,417 
1929 524,985 236,807 761,792 
1931 455,8^ 2 203,cr57 655,887 
1933 439,363 247,620 686,983 
1935 436,980 322,401 75-9,381-
1937 488,807 479,919 968,72K 
1939 532,914 492,133 1 ,025,046 
1940(est.) 505,000 595,000 1 ,100,000 
1941 H85,999 743,316 1 ,429,3X0 
1942 H^ 4,291 93^ ,878 1 ,514,169 
1943 1563,495 1,036,577 1 ,700,072 
1944 689,565 1,20t>,039 1 ,894,604 
1945 734,993 1,129,31^  1 ,864,305 
1946 742,232 1,12H,955 1 ,872,888 
1947 747,932 1,386,995 2 ,134,242 
1948(est.) 767,000 1,573,000 2 ,340,000 
T^able reiDroduced from Alkalis and Clilorine. 
Chem. Engr. 5*B. Ho2:114-115. 1949. 
* 
'?igures for 1921-1947, except 1940 are from 
tne U. S. Bureau of tlie Census. Prior to 1939 
electrolytic caustic soda figures did not include 
that made and consumed at woodpulp mills, estimated 
at about 30,000 tons in 1927 and 1929, at aJbout 
24,000' tons in 1931, 21,000 tons in 1933, 20,000 
tons in 1934, 17,000 tons in 1935, 19,000 tons in 
1936 and 1937, and 18,000 tons in 1938. 
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Table 11^  
1949 Caustic Soda Consumption in the United States 
Consuming Industries Tons 100 percent HaOH! 
Hayon and transparent film 500,000 
Olieniicals " 650,000 
Pulp and paper 170,000 
Petroleum refining 160,000 
Soap 145,000 
Lye and cleansers 130,000 
Textiles 90,000 
Vegetable oils 22,000 
Rubber reclaiming 21,000 
Sroorts 165,000 
!vli sc ellaneous 147,000 
Total 2,200,000 
T^able renroduced from State of the Industry. Ohem, 
2ngr'. 57 140.2:91-122. 1950. 
the shipping cost. A tabulation of the consximption of caustic 
in this country in 1949 is shoiam in Table II. As can be 
noted, the rayon and film industry accounted for about 23 
percent of the total consutoption; and this caustic had to be 
of the high grade type. 
It has been only in recent years that the versatility 
of chlorine has been realized. As previously mentioned, 
during the nineteenth century the Weldon and Deacon processes 
provided chlorine which was used in bleaching po^ rder. Later 
it was found that liquid chlorine could be used, in practi-
12 
cally every instance, in place of bleacMng powder. Since 
bleaching powder contains only 30 to 38 percent active 
clilorine. this -^ ras a considerable advantage. As a resxilt 
bleaching ponder has all but disappeared from the zaarket. As 
the electrolytic caustic soda industry gxev?, chlorine -eras 
produced as a by-product; and often its disposal was a 
problem, BroCkman (2) in his book on electrochemistry pxib-
lished in 1931 -wrote as follows; 
Chlorine as prepared by electrolytic methods is a by­
product of the caustic soda business, and as such seems 
possible to be the step-child of the industry. It 
usually happens that industries requiring both soda and 
chlorine need much more soda than chlorine*^  The 
question then is,, what can be done with the etrtra 
chlorine? The best solution of this problem is to 
manufacture only sufficient chlorine, to meet immediate 
needs and then to put the extra soda on the open 
market. This at least prevents an excess of chlorine. 
However, new outlets for the large (Quantities of 
chlorine must soon be found to relieve the industry of 
strain.(p. 200). 
Since that time the situation has been reversed and now it 
is the caustic soda that is a by-product. The denand for 
chlorine has risen greatly because of the large amount used 
in producing various synthetic organic chemicals. The dis­
posal of the caustic, produced as a by-product, is now be­
coming a problem. As a result one may expect to see consider­
able research done on processes which will produce chlorine 
•jTithout c3.ustic. HOiS-ever, at present 91 percent of the total 
chlorine produced in the United States comes from the 
electrolysis of sodiuja or potassium chloride solutions, 
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Table III®-
Clilorine Distribution in tiie United States in 1S48 
Consuming Industry Percent Consusiing Industry Percent 
of Total of Total 
Pulp and paper 15. 5 Monochloroacetic acid 1. 1 
Ethylene glycol 11. 0 Methylene chloride 1. 1 
Carbon tetrachloride 8. 8 Butadiene 1. 0 
F onochlorobenzene 7. 1 Yinylidene chloride 1. 0 
Trichloroethylene 6. 2 Paradichlorobenzene 1. 0 
Tinyl chloride 5. a Perchloroethylene 1. 0 
Sanitation 3. 6 D. D.T. 0. 9 
Tetraethyl lead 3. 1 Synthetic HOI 0. 7 
ethylene dichloride o "• • 9 Ortho di chlorobenz ene 0. F 
Bromine production 4 Benzene hexachloride 0. U 
Magnesium P, 4 Metal refining 0. E 
Synthetic glycerine 1. 8 P entachlorophenol 0. 6 
Chlor toluenes 1. 7 2:4 D 0. c: 
Sodium hypochlorite 1. 5 Bleaching poi:7der 0. 5 
Methyl chloride T • 3 Bleaching textiles 0. 5 
Aluminum chloride 1. 2 Food processing 0. 5 
Keryl benzenes 1. 2 Mi sceilaneous" 12. 7 
®-Table prepared from da.ta from .Vtirray, H. L. The Chlor 
Allcali Industry in the United States. Ind. TDng. Chera, 
41:2155-2164. 1949. 
I^ncludes over 100 uses. 
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8 percent from the electrolysis of fused sodiim chloride, 
and only 1 percent from the Solvay salt and nitric acid 
process. 
The various uses of chlorine in 1948 in this country are 
shotm in Table III. ITote that, although the pulp and paper 
industry was the single largest individual consumer, most of 
the chlorine was used in the production of various synthetic 
organic chemicals (16). 
It thus appears that the caustic soda industry is in 
need of considerable revision to keep it sound economically. 
It is believed that the process proposed herewith -srill have 
that effect* 
3. The Hydrogen Industry 
The industrial development of hydrogen has taken place 
almost entirely since 1900, Prior to that time the principal 
method of production was the electrolysis of -skater, as first 
carried out by Hitter (4). During the nineteenth century, 
uses of hydrogen irere very" limited; and the electrolytic 
process, supplemented by the process involving the reaction 
of sulfuric acid on iron, provided adequate stroplies. 
After the turn of the century a number of new uses for 
hydrogen appeared; and as a result, new methods of production 
•ffere developed. The eapanding dirigible field utilized a 
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large aaotmt of tne gas. Hater's successful development of 
acaaonia syntliesis gave impetus to tiie hydrogen industry. 
The process for the catalytic hydrogenation of fats and oils 
was developed. This too, required large quantities of 
hydrogen. The synthetic organic chemical field has demanded 
more and more hydrogen in recent years. Typical examples 
of products synthesized -with the use of hydrogen are methanol, 
glycols, alcohols, cycloparaffins, and amines (19), In the 
petroleum industry hydrogenation processes are used to pro~ 
duce high octane blending agents. The processes for producing 
synthetic gasoline, whether by the Fisher-Tropsch process and 
its American modifications or by the hydrogenation of coal, 
all require hydrogen. Besides these large uses, there are 
many smaller applications of this iiigjortant industrial gas. 
Production figures for hydrogen manufacturing in the 
United States during May 1945 show a production of 2.2 billion 
c\ibic feet of hydrogen (of -srhich 1,8 billion cubic feet were 
consumed in the plants ^ rhere it was produced). Together with 
this, 3,2 billion cubic feet of hydrogen were produced and 
consumed in the manufacture of synthetic ammonia and 1.0 
billion cubic feet of hydrogen were produced and consumed in 
the manufacture of synthetic methanol (19). Data from the 
Bureau of Census publication "Facts for Industry, Inorganic 
Chemicals" for 1948 and 1949 indicate that the average monthly 
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production of hydrogen, aside from that used tn aamonia and 
synthetic methanol, is still about 2.2 billion cubic feet. 
However, S3nithetic a-mmonia production has increased from 
46,000 tons per month in May 1945 to an average af about 
100,000 tons per month in 1949. Thus the oonsuisaption of 
hydrogen in synthetic ammonia would be proportionally in­
creased from 3,3 to 7.0 billion cubic feet per month. The 
production of sjmthetic methanol in May 1945 was 6,715,000 
gallons (44,200,000 pounds) (23) compared to 53,513,163 
pounds (24) in August 1949. The constssption of hydrogen in 
synthetic methanol has proportionally increased from 1.0 
billion cubic feet in May 1945 to 1.2 billion cubic feet in 
Augu-st 1949. The sianmation of these uses of hydrogen indi­
cate that the present monthly production of hydrogen in the 
United States is about 10,4 billion cubic feet. This corre­
sponds to an annual rate of 125 billion cubic feet. Of this 
approximately 69 percent is used in S3mthetic ammonia and 
11,5 percent in synthetic methanol. 
There are, at present, seven ma^ or processes used to pro­
duce hydrogen in this country; namely, (l) the electrolysis 
of water, (2) the steam-iron process, (3) the thermal decom­
position of hydrocarbons, (4) the steam-methanol process, 
(5) the steam-water gas process, (6) the steam hydrocarbon 
process, and (7) the controlled oxidation of hydrocarbons 
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The teclmical aspects of t'ne first siz "h&ve been adequately 
described by Heed (l^ ), and tbe latter process by '^ eil and 
Lane (36). Besides by means of these processes, hydrogen is 
produced in minor amounts by the electrolysis of brines, 
cracking of ammonia, liquifaction of water gas or coke oven 
gaSj and as a by-product from the butanol fermentation 
process^  
The process involving the electrolysis of -^ ater can be 
operated economically only where electric power is very cheapi 
The installations are usually small and often operate on off 
peak power. Only a small percentage of the total hydrogen 
produced is made in this manner. The steam-iron process 
likewise is used primrily in small installations* FeWj if 
any, new plants are being built which utilize this processi 
The thermal decomposition of natural gas is carried out 
at one plant for producing hydrogen for ammonia synthesis (19). 
The carbon black industry also produces an impure liydrogen 
during their natural gas cracking process, but this gaseous 
product is normally used for fuel. 
The steamHsethanol process was developed during World 
War II as a portable hydrogen plant. Although the process 
is obviously more expensive than the other processes, it has 
application in certain cases. 
The steam-water gas and the steam-hydrocarbon processes 
IS 
are by far tlie most common processes in present use. Practi­
cally all tlie syntiietic Gxraonia plants use one of these t?ro 
processes. The actual choice "between the processes goes "back 
to the relative cost of colce and natural gas at the -olant 
location. 
The process utilising the controlled osddation of nat\iral 
gas is a new process developed purposely for the synthetic 
gasoline industry. This process is particularly applicable 
since it produces, in one step, a 2 to 1 ratio of hydrogen 
to carbon monoside, as desired for the synthesis reaction. 
The process requires the use of large quantities of "tonnage 
oxygen". As yet this ^ hole process is in the developmental 
stage. 
Although the steas-hydrocarbon process is generally 
considered the cheapest source of industrial hydrogen; -ae 
the supply of natural gas becomes laore scarce, one can ex­
pect its price to rise and likewise the cost of hydrogen 
from it. There appears to be need for the development of 
a process which ^ 11 produce cheap hydrogen and yet not be 
dependent upon natural ga,s. 
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C. The Ojygen Industry 
Prior to 1906, when oxyacetylene welding became of im­
portance, the consujaption of oxygen was trifling. At first, 
oxygen was produced by the thermal decomposition of potassium 
chlorate (6). This Trets later replaced by the Brin process 
which was patented in 1879. This is a chemical process in­
volving the principle that bari\im oxide heated with air at 
450'^  C. forms barium peroxide. The barium peroxide decomposes 
to oxygen and barim oxide when heated to 600° C, Although 
the process required almost no labor, it did require consider­
able amoiants of fuel and produced oxygen of only 93 to 96 
percent purity (22). 
Although Oaillete in France and Pictet in Switzerland 
both produced liquid oxygen in 1877, it remained for Linde 
inll895 and Claude in 1902 to recognize the importance of 
air liquifaction and separation. They had the ingenuity to 
derelop succcssful commercial processes. Both the Linde 
process and the Olaude process involve compression, cooling, 
and liquifaction followed by fractionation. They differ in 
the method of cooling the air. The Linde ptocess uses the 
Joule-Thompson effect for all the cooling, except for some 
possible external refrigeration. The advantage claimed for 
the Olaude process is its lower power consmption. This is 
obtained by letting a large percentage of the air estpand 
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adiabatically in an engine; the engine then supplies ^ orlc fox 
corapression. The reaainder of the air is cooled by the 
Joulet-Thompson effect. A discussion of the theraot^ ynaaics 
involved in these processes can be foiind in the Chemical 
Engineering report on Air Separation (1). The products pro­
duced by the-se processes are of high purity - that is, 99.5 
percent. Until 1948 all of the oxygen manufactiired in this 
country was produced by either the Linde or the Claude 
process. The manufacturing cost of this material varied from 
#36 to $45 per ton (20). A tabulation of the production of 
S9.5 percent oaygen in the United States from 1S19 to 1948 
is sho^  in Table IV. 
As early as 1932 Frankl devised a cycle to produce low-
pTirity osygen; this cycle is now used in the Linde-Frankl 
process. By means of his modification, oxygen of purities 
up to 98 percent could be produced at a very lo-!7 cost (18). 
The Germans utilized this process to obtain osygen for air 
enrichment during Torld "ifar II; and after the war, the process 
was introduced into the United States. The principal feature 
of the Linde~?ranlcl process is the use of pairs of metal 
packed heat accumulators in place of tub-olar heat exchangers, 
fith this exception the usual liauifaction and fractionation 
steps are still practiced. In the operation of the heat 
accuarulators, the cold oxygen from the fractionating column 
passes through the first exchanger and cools it. Then, the 
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Table 17^  
U, S. Production of 99,5 Percent Oxygen 
(Billions of Cubic Feet per Year) 
1919 1.17 1937 4.44 
1921 l.OB 1939 4,56 
1923 2.06 1941 7.18 
1925 2.07 1942 14.99 
1927 2.36 1943 20.48 
1929 3.14 1844 18.74 
1931 2.05 1945 13,93 
1933 1.82 1946 10.87 
1935 2.68 1947. 13.77 
1948° 15.5 
T^able reproduced from Downs, C. H, Impact 
of Tonnage Oxygen on American Otiemical Industry. 
Oliea. "Sngr. 55 Ho,8:113-116. 194S. 
T^hree aontb rate. 
oxygen stream is switched to the second accumulator of the 
pair, and incoming air is brought into the cold first accximu-
lator. Here the air is not only cooled but any carbon dioxide 
and water vapor present in. the air is frozen out. IHien the 
air has warmed the first accumulator to near the freezing 
point of carbon dioxide, the system is reversed; that is, air 
comes in the second exchanger which is cold and oaygen goes 
out the first. As the oxygen leaves, it removes the residual 
air and also evaporates the water and carbon dioxide left by 
the air. The same type of cycle is utilized -srith air and 
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nitrogen(l). 
The K. W, Kellogg Ooaipany has a modification of this 
process which uses a concentric triple pipe heat exchanger 
in place of the heat accumulator. The oxygen always stays in 
the central ttibe ^ hile the nitrogen and air pass alternately 
through the two annular spaces. This, then gives a pure 
osygen product, and only the nitrogen becomes contaminated. 
However, the heat transfer in the tubular heat exchangers is 
not as effective as in the heat accumiilators of the Linde-
Franlcl process (18). 
The economic advantages of the process for producing 
low purity oxygen - termed "tonnage oxygen" - are as 
follows (3): (1) In producing 99.5 percent oxygen a large 
amomt of power is required to supply sufficient reflux in 
order to obtain a separation of argon from oxygen, since 
their boiling points are only 3 degrees Fahrenheit apart. 
Tnen 95 percent oxygen is produced, this po"Brer consumption 
can be cut in half. (2) The need of a cheiaical process to 
remove carbon dioxide and moisture from the air is eliminated. 
(3) The maximum pressure required in the plant is 85 psi com­
pared to 400 to 3000 psi in high purity plants. (4) For large 
plants, turbo compressors can be used in place of recipro­
cating compressors. This saves power, investment costs, and 
floor space. (5) Large tonnage oxygen plants can make use 
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of turbo espandexs wMdi are more efficient than tlie old 
reciprocal expanders. 
As of December 1949 there were t'nree tonnage oxygen 
plants in operation in the United States, having a combined 
capacity of 329 tons of oxygen per day. There are at least 
fonr other plants under construction, which -sslll have a com­
bined capacity of about 2900 tons per day. The largest of 
these is the 2000 ton per day plant for the Carthage Eydrocol 
synthetic fuel plant. 
Actual operating cost figures for tonnage oxygen plants 
are not yet available. However, mamofacturing costs have 
been estimated from an lanlikely low of 1^.50 per tou to a 
high of S9.00 per ton. Sherwood (20) believes that the 
probable lower limit is between 14 and |5 per ton. This 
figure is less than one-sixth of the cost of the high purity 
product. 
The combined capacity of the tonnage oxygen plants now 
in operation and those being built will be about 25 billion 
cubic feet per year. This is in contrast to the 15.5 billion 
cubic feet of 99.5 percent oxygen produced in 1948. However, 
it is not expected that the addition of these new plants will 
cause any immediate curtailment in the production of 99,5 
percent oxygen. Ail the new tonnage oxygen plants are being 
built to supply a definite new demand for oxygen in processes 
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Trhere high piirity ozygen has not "been used, primarily due to 
its high cost (3). It -would appear that in the future tonnage 
oxygen may capture a good share of the oxygen-acetylene weld­
ing and cutting industry, as a small percentage of impurities 
will not affect the process appreciably. Since the welding 
and cutting industry has long been the biggest consumer of 
high purity oxygen, the demeiid for the SS.5 percent product 
may be expected to decrease (30). 
The uses for cheap oxygen are far from fully realized, 
as the industry is in its infancy. Sherwood (20) has listed 
a few of the more important uses for cheap oxygen. These 
uses are: (l) the production of synthesis gas for synthetic 
fuels using the controlled oxidation of methane, (3) pro­
duction of oxygenp.ted organic compounds by oxidizing natural 
gas, (3) above- and under-ground coal gasification, (4) pro­
duction of acetylene, ethylene, and propylene by the partial 
combustion of gaseous hydrocarbons, (5) for Bessemer and open 
hearth steel furnaces, and (6) smelting sulphide ores to ob­
tain a gas rich in sulfur dioxide, Tlie Consolidated Mining 
and Smelting Co. of Canada, Ltd., at Trail, 3. 0., he,s been 
using high purity oxygen, obtained by electrolysis of waiter, 
in a special cyclic contact sulfuric acid process. They have 
found that a. plant which in normal operation had a carsacity 
of 35 tons of 100 percent sulfuric acid could, with only minor 
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modifications and the use of oxygen instead of air, be oper­
ated to produce 200 tons of 100 percent acid.per day. The 
original plant capacity has been increased 5.7 times (10). 
It woTild appear that in locations where tonnage osygen can 
be produced economically that this cheap OTygen could be 
substituted for the high purity osygen in the afore-mentioned 
sulfuric acid process. 
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III. S2P1IRIMSNTAL 
Tlie object of this research project was to develop a 
process for concentrating dilute caustic soda and salt 
solutions, as obtained from conventional chlorine-caustic 
cells, by electrolyzing off the Tsrater instead of evaporating 
it as is done industrially at the present time. 
The effluent from a chlorine-caustic cell has a concen­
tration of from 8 to IS percent sodium hydroxide and from 10 
to 18 percent sodium chloride. The actual concentration ob­
tained depends upon the t3rpe of cell used and the operating 
conditions. Water has been decomposed into hydrogen and 
oxygen by electrolysis on a commercial scale for many years. 
The solution electrolyzed in that process is a solution of 
sodium hydroxide or potassium hydroxide. However, the efflu­
ent from a chlorine-caustic cell contains not only sodium 
hydroxide but also sodium chloride. The problem than re­
solves itself to finding some means to prevent the chlorine 
from being evolved at the anode along •sith, or in place of, 
the oxygen. Although it is conceivable that a suitable elec­
trode material could be found -jfhich woxild not be attacked by 
either of the gases, the mixed gases-would be of little value 
on the market unless the gases could be separated. This would 
be an expensive process. The electrode potential of oxygen 
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on platinum is 1.23 volts as compared to 1.36 volts for 
chlorine on platinum. It would appear tliat, "by control of 
the voltage, the oxygen could be evolved preferentially to 
the chlorine. 
A preliminary literature search showed there was not per­
tinent literature on the subject and, as fa.r as the -srriter was 
able to ascertain, no previous work had been done on the sub­
ject. Therefore, a laboratory investigation was undertaken 
to determine whether it would be possible to carry out the 
proposed process. 
A, Preliminary Batch Concentration Tests 
To determine the feasibility of the process, a solution 
•sras made up having a concentration of 8 percent sodium hydrox­
ide and 10 percent sodiian chloride. The composition of this 
solution was similar to that which can be obtained from a 
Helson Cell, one of the older types of commercial chlorine-
caustic cells (12). The tests were carried out in a batch 
manner using this solution. 
-• electrode experiment 
The first test was carried out in a Hoffma,n Improved 
Form Electrolysis Apparatus^  having platinum electrodes. On 
C^entral Scientific Company Ho. 81200 
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attempting to electxolyze the solution it was foimd that the 
ratio of the roliame of the gas evolved at the cathode to the 
volume of the gas evolved at the anode was 5,5 to 1. It was 
also observed that after some hours of operation that the 
sodiua hydroxide concentration had decreased rather than in­
creased. Undoubtedly this can he explained by chlorine evo­
lution followed by hypochlorite or chlorate formation. 
Obviously, this was not giving the desired result. 
2. Seaker cell experiments 
It seemed that the process might be made to function 
properly if an electrode having a low oxygen overvoltage and 
a high chlorine overvoltage were used. IData on the over-
voltage of chlorine on aetals which will stand up under the 
corrosive caustic conditions were not available. However, 
it was found that nickel, which will resist caustic soda, 
has a low oxygen overvoltage; so it was tried as an electrode. 
This appeared to work properly on the 8 percent soditim hydrox­
ide and 10 percent salt solution, as hydrogen and oxygen 
were liberated. Because any chlorine liberated would attack 
the nickel to form nickel chlo-ride, it was possible to test 
for any chlorine evolution by testing the solution for nickel 
ions. The preliminary test gave no indication of any chlorine 
evolution. 
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Altlxongii tlie preliminary test showed that it "was possible 
to electrolyze water from a caustic-salt solution, it did not 
indicate to what extent the concentration coiild be carried 
out. Therefore, a series of runs -srere set xrp to determine 
whether appreciable concentration coiild be effected. A beaker 
set at an angle was used as a container. The nickel elec­
trodes, about 1-^  inches apart, -^ exe separated by an asbestos 
paper diaphraga in order to separate the gases. The beaker 
was set at an angle as sho-sjn in Figure 1, so that the salt 
settling out during the concentration could settle free of 
the electrodes. The cell was operated in a batch manner 
keeping a constant liquid level. The starting solution and 
feed solution in the rrms had a concentration of 8 percent 
sodium hydroxide and 10 percent salt. The cell was operated 
ectrodes 
Fig-. 1. Beaker Cell Apparatus 
so 
slightly above room teroperature, the heat coming from the 
electrical resistance of the solution. lo atterspt was made 
to measure the quantity of the gases evolved, so only qiiali-
tative data were obtained. In the first run a solution having 
a sodium hydroxide concentration of S8.4 percent -was obtained. 
In two later runs, concentrations of 46.5 and 56 percent sodi­
um hydroxide were obtained. The latter solution solidified 
on cooling to room teraperature. It was noted that the voltage 
increased as the concentration of the solution increased, and 
that the temperature also increased as the electrolyte con­
centration increased. In one run, not mentioned above, a 
higher current density was used than that in the run giving 
the 28.4 percent product. At the completion of the «njn it 
was noted that the anode was badly corroded. This was: at­
tributed to chlorine evolution, since crystals of nickel 
chloride and nickelous hydroxide formed on the surface of the 
electrode. 
B. Circular Cell Concentration Experiments 
On the basis of promising results from the beaker cell 
it was decided that a medium-si2ed model, from which the 
gases could be metered in order to obtain quantitative data, 
should be built. 
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1. Apparatus 
A circular cell was chosen because of the simplicity of 
the easing design. A 5 inch wrought iron pipe with a flajige 
at the top and a welded conical bottom containing a drain 
pipe was used. The cell was closed by a wood cover which was 
bolted to the pipe flange. The electrodes were made of con­
centric nickel sheet cylinders 4 9/l6 and 3 II/I6 inches in 
diameter and 10 7/8 inches long. Leads to these were brought 
out through the wooden flange by means of copper and brass 
connections. A coarsely woven asbestos cloth diaphragm was 
placed on a galvanized iron frame between the electrodes, 
the frame being set into the wood top. The cloth was held 
on the frame by means of mets,l clips. The cloth covered only 
the lower 7 7/8 inches of the frame, the top 3 inches being 
solid metal. A liquid level float consisting of a hollow 
cylinder and a projecting rod ran out the top of the cell 
into a sealed glass tube. A thermometer to indicate the solu­
tion temperature was sealed into the wooden top. Details of 
the cell constr-action are shown in the sketch in Figure 2. 
The gases evolved from the anode and cathode were first 
measured by means of water displacement. However, this was 
found to be unsatisfactory due to the continual change in 
head. This system of gas measurement was later replaced by 
two wet test meters. 
32 
// 
Gas Outlets 
Brass Bolt 
Electrode Lecd 
- "^ Tood Top 
/£ 
T-
Zleetrodes 
Fiit-ure 2. Circular Cell Details 
33 
2. Experimental tests 
For tlie first test, the middle electrode was made tlie 
anode. However, on test runs it was foiaid tliat the anode 
was corroded by chlorine evolution. Since the outer elec­
trode had more area and thus a lower current density, the 
polarity of the electrodes was reversed in order to have the 
higher current density on the cathode. This appeared to give 
better operation during short test runs. One of the diffi­
culties encountered "was making the top gas-tight. The 2 inch 
•wood top was first sealed ^ th tar and glue; but this did not 
provide a gas-tight seal. A new top "sras made and sealed vrith 
sulfur. This seemed to give a fairly good seal b^ t^, as was 
later fomd, was by no means perfect. 
A batch rtm we.s begun during which the current and the 
solution level -were held constant. The feed solution, -crith 
which the cell was originally filled and with ^ srhich it i^ as 
fed thereafter, consisted of 12.S percent sodium hydroxide 
(160 grams per liter) and 12.3 percent sodiuia chloride (150 
grams per liter). This solution was fed to the cell inter­
mittently in an atteiapt to Iceep the level constant. The 
liquid level ^ as below the top of the electrodes, since they 
extended almost to the top of the cell; but it did rise above 
the cloth diaphragm. It irirould appear from this arrangement 
that a good separation of hydrogen and oxygen should have 
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been effected, since two sepa^ rate corapartments ^ exe formed 
alboTe- tlie liquid level. HoTsrever, the asbestos cloth diaphragm 
was woven of rather heavy fibers and offered qtdte a porous 
media; then too, the metal frame holding the diaphragm was 
later found to be set into the wood top in such a manner that 
gas could leak from one compartment to the other. Fortunately, 
both the hydrogen and oaygen were metered; so, although a 
strict 2 to 1 ratio of hydrogen to osygen was not obtained, 
the volume of hydrogen and oxygen could be calculated from 
the total gas volume. Daring operation it was noted that 
some gas leaked through the top of the cell, either through 
minute cracks or by diffusion. The current was measured on 
an ammeter having a full scale reading of 100 amperes. An 
attempt was made to hold the current as close to 45 amperes 
as possible; but it fluctuated from 42 to 48 amperes, since 
it was not practical to have an operator on duty constantly 
to control the amperage. The voltage was measured by a volt­
meter having a full scale reading of 10 volts, it being 
graduated in divisions of 0.2 of a volt. This was not very 
ss.tisfactory since rea.dings could be made only to the nearest 
tenth of a volt. Obviously this introduced considerable 
error since the voltage was never more than 3.4 volts. 
Ho auxiliary heating was supplied to the cell; the only 
heat supplied was that from the electrical resistance of the 
solution. The thermometer to be used for indicating the 
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solution teisperature VTS.3 sealed into the wood top so that only 
ohseTTations of ahove 75° C, could be read. This T^ as done 
because it was thought that the cell temperature irould run 
above 75° C. However, this placeraent of the theraoneter -vras 
unfortunate since, during most of the time the cell was in 
operation, the teisperature ^ as belotir 75® C.; and, as a result, 
it coxild not be measured. The cell ifras started cold each 
morning, as it ^ ras rmi only during the day vrhen its operation 
could be observed. 
Daring the first day of the run an erplosion occtirred 
due to the carelessness of a student operator. He lit a 
match near the outlet of the oxygen meter to see the effect 
of the gas on the flame. Since some hydrogen was lealcing into 
the oxygen stream, the mixture exploded with violence. The 
meter -ttss badly damaged; but fortunately, the student was 
not injured-
The run was continued, using another meter, for about a 
month when it was brought to an abrupt end by another explo­
sion. Although the explosion occurred inside the cell, the 
force of the explosion carried out thror^ h the gas leads and 
caused minor damage to one of the meters. The cause of the 
explosion was never definitely determined, but it is believed 
to have been due to static electricity. 
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3. Discussion of tlie res^ alts 
Althougli the run ended rather disastrously, it provided 
some valuable data froin "jfhicli conclusions aJid indications 
for further work were obtained. A tabulation of the data 
from the batch run on the circular cell is given in Table ¥, 
As can be seen from the table, 6.2 liters of 12,8 percent 
sodium hydroxide tras concentrated to 3.4 liters of 33,5 
percent sodium hydroxide ^ th the consumption of 31.35 kilo­
watt hours of electrical energy. The low current efficiency, 
74.8 percent, can be explained by the loss of gas through 
the top of the cell. Since the current efficiency uiras cal­
culated from measured gas volumes, any gas leak wuld cause 
a loss in efficiency. Any chlorine evolution would also 
have the same effect on efficiency. 
Upon opening the cell, it was found that the anode was 
badly corroded, apparently by chlorine evolution. The iron 
casing of the cell was also ba.dly attacked, this probably 
due to the corrosive action of the caustic solution. 
A number of conclusions can be drawn from this run, 
(1) A circular cell is not practical, since it is necessary 
that the electrodes be concentrically spaced, ''^ or experi­
mental cells, at least, this would be very difficult. It 
was noted that the corrosion on the anode occurred at the 
points -irhere the distance between the anode and cathode was 
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Table Y 
Results of the Batch Concentration Run 
on the Circular Cell 
Feed solution concentration 
Yoluae of initial charge 
Yolurae of feed added 
Product concentration 
Yolume of product 
Average current 
Yoltage 
Teinperature 
Electrode dista,nce 
Anode area 
Cathode area 
Anode current density 
Cathode current density 
Current efficiency (calculated 
from gas volumes) 
Total length of run 
"Energy consumed 
Total hydrogen produced 
Total oxygen produced 
Pounds hydrogen/lCwhr. 
Pounds oxygen/Kwhr, 
12.8^  ^NaOH (ISO ga,/liter) 
12."4 IfaCl (150 gra,/liter) 
2355 ml. 
3850 ml. 
SS.Sfs HaOH (544 gm./liter) 
2400 ml. 
45 arnvexes 
Yaried from 2.3 to 3.4 volts 
Below 75° C. 
0.69 inches 
0.80 square feet 
0.42 square feet 
74 amperes per square foot 
106 amperes per square-foot 
74.8 percent 
224.B hours 
31.35 Kwhr. 
0.62 pounds 
4,95 pounds 
0.0198 
0.158 
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least. It is logical to assurae tliat the current density 
wcJild be higher at these points due to a lower solution 
resistance. Therefore it appears that chlorine evolution is 
affected 'oy current density. (P) The coarsely-^ oven asbestos 
cloth is not suitable for a diaphragn. There appec.red to be 
gas flow through the diaphragm even in the liquid. (3) "Torlc 
on deterraining the chlorine evolution point and factors 
affecting it should be further studied. (4) Future cells 
should be made of a corrosion resistajit material. (5) Ss-
treme cs.ution must be used in working with cells due to the 
explosive nattire of the gases. 
0. Preliminary Studies on the Chlorine Svolution Point 
Concurrently with the teste saade on the circular cell, 
work was carried out on the problem of chlorine evolution. 
It seeaed reasonable to assume that current density, voltage, 
temperature, and the sodium chloride concentration could 
affect the point at which chlorine is evolved. Therefore a 
series of experiments was undertaken in which the effect 
of these variables on the chlorine evolution point could be 
studied. In these preliminary tests, the means used for 
detecting chlorine evolution was a visual observation of the 
anode. 
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1. "Sxperiments with caustic-salt solutions 
A pair of monel metal electrodes, having a shape as 
sho-^  in Figure 3, were jaade. They were constructed so as 
to present one square inch of surface area per side. The 
electrodes were suspended in a "beaker containing the test 
solution. They were placed 0.60 inches apart, separated by 
an asbestos paper diaphragm. Solutions having a high sodiiim 
V 
Fig. 3. Chlorine Evolution Test Electrode 
chloride content, from 14 to 17 percent, and a low sodiuia 
hydroxide content, from 6 to 14 percent, were siade up and 
were subjected to 15 minute tests during which, teinperature 
and current were held constant. The potential difference be-
t"57een the electrodes was Kieasured. At the end of the test 
the anode was rerooved and observed for corrosion due to 
chlorine evolution. If no corrosion was ncfced, the current 
% 
v 
< ] i 
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was increased in successive runs until corrosion was observed 
or until a maximuBi current of 5.0 aiaperes ims reached. The 
voltage at the chlorine evolution point was detensined for 
each solution at temperatures of 30, 30, 40, 50, 60, and 70 
degrees Centigrade. Although the use of visual observation 
in determining the chlorine point gave no quantitative data 
as to the amount of corrosion, some valuable qiialitative 
trends were in evidence; namely, (l) as the salt concentra­
tion increases the chlorine evolution occiirs at progressively-
lower voltages and current densities, (2) for a given salt 
concentration, the voltage at the chlorine evolution point 
appears to be independent of temperature, and (3) for a given 
current density, chlorine is less likely to be evolved at 
higher temperatures. 
3. Srperiaents with, VVCTQ salt solutions 
In the hope that some correlation might be obtained be­
tween pure salt solutions and caustic solutions saturated 
with salt, a similar set of runs was made on pure sa.lt solu­
tions having concentrations of 48, 97, 151, 194, and 282 grams 
of sodium chloride per liter, HicTcel electrodes of the 
same shape and area as those used in the previously mentioned 
runs were placed 0.60 inches apart, separated by an asbestos 
paper diaphragm. The chlorine evolution point was obtained 
as before. An interesting correlation was obtained from 
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these data. A straight line relationship was obtained hy 
plotting, for each concentration, the voltage at the chlorine 
evolution point against the temperature. A plot, as illus­
trated in Figure 4, is representative of the plots, the one 
shown being for the solution having a concentration of 151 
grass of sodium chloride per liter. A straight line TTZS 
faired through the points on each graph. The voltage corre­
sponding to temperatures from 10 to 70 degrees Centigrade, 
in increments of 10 degrees, were read off the faired line. 
Then the logarithm of the chlorine evolution point voltage 
was plotted against the sodium chloride concentration in 
grams per liter, holding the temperature constant. A femily 
of curves was obtained as illustrated in Figure 5. IMote 
that the curve with the highest voltages corresponds to the 
lowest temperature; and, as the temperature increases, the 
curves are progressively lower. ¥hen the data from the 
tests on caustic solutions saturated with salt were similarly 
treated, only scattered points were obtained instead of the 
family of curves. It was observed, however, that similar to 
the tests on caustic-salt solutions, as the salt concen­
tration increased, the chlorine evolution point occurred at 
progressively lower voltages and current densities. Also, 
for a given current density, chlorine is less likely to be 
evolved at higher temperatuxes. Unlike the results of the 
tests on caustic—salt solutions, the voltage at the chlorine 
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evolution point in pure salt solutions was found to be de­
pendent upon tenperature. 
D. Preliminary Conductivity Tests 
Some experiments were undertalcen to determine the effect 
of variables, such as temperature, current density, electrode 
distance, and solution concentration on the conductivity of 
caustic-salt solutions. It was also thought desirable to 
investigate the difference in the voltage required when 
using aionel metal and nickel electrodes under the same con­
ditions. 
1, A-pparatus gjid -procedure 
The tests were carried out "by using electrodes 1.0 inches 
by 3,75 inches of the shape shown in Figure 6, These were 
suspended in a beaker containing the test solution, and were 
\ 
h H 
Fig. 6. Conductivity Test Electrode 
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sepaTs.ted by an asbestos paper diaphragm. The bealcer and its 
contents were heated by a tTater bath. Tests were carried out 
at constant temperature and a specific electrode distance. 
The voltage -sras measoired for various values of corrent, varied 
from 0,5 to 5.0 amperes in C.5 anipere increments. The solu­
tion concentration changed somewhat during the test due both 
to evaporation and electrolysis; so an average concentration 
was determined. Tests were carried out at temperatures 
from 25® C. to 75° C. in 10 degree increments. The solutions 
tested had concentrations of 14, 22, 30, 36, and 50 percent 
sodium hydroxide, each being saturated with salt. Tests 
were conducted at electrode distances of 1.5, 0.85, 0.60, 
and 0.55 inches. 
2. Discussion of the results 
Both monel metal and nickel electrodes were tested; how­
ever, the monel metal electrodes were not tested over the 
complete range of the variables. 5'roffi the data taken, it 
appeared that the nickel electrodes req-^ ired a slightly 
lower voltage than the monel metal electrodes; but, because 
of the lack of complete data, this was not conclusive. The 
data for the tests at an electrode distance of 0.55 inches 
were correlated by preparing a separate plot of volts versus 
the caustic soda concentration for each current density. A 
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family of cnnres resulten, each carve representing a differ­
ent temperature. A typical family of curves is shown in 
Figure 7, Note that ttie curves come to a minimum, indicating 
the point of maximum: conductivity. It will be observed that 
the point of maximum conductivity occurs at successively 
higher caustic concentrations as the temperature increases. 
The curve for 75® C. is relatively flat. 
These tests did not give sufficient information on the 
effect of electrode spacing on the potential difference be­
tween the electrodes. Although it was first thought desir­
able to have the electrodes as close together as possible, 
it iras theorized that if the electrodes -were too close to­
gether the high concentration of gas bubbles wud increase 
the resistance of the solution. Therefore, conductivity 
tests were repeated using the same procedure as before but 
at electrode distances of 0.4, 0.6, 0,8, and 1,0 inches. 
It TTas discovered at the completion of the experiments that 
most of the data Tjould not correlate. This va.3 believed due 
to the fact that it talces time, as much as 30 minutes, for 
the electrodes to become completely polarized. Until coai-
plete polarization sets in, the voltage slowly rises. Since 
there was no set time procedure for the runs, the longer 
runs gave a higher voltage than the corresponding shorter 
ones. Obviously, these data •wotald not give any correlation. 
A new set of tests were undertaken using the same pro-
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cediixe as before except tlaat a definite time procediixe was 
used. Tests were carried out at temperatures of 10, 30, ••• 
90 degrees.Centigrade at electrode distances of 0,4, 0,6, 
0.8, and 1.0 inches. The solutions tested had concentrations 
of 14, 17, 26, 37, and 50 percent sodiwn hydroxide, each 
being saturated with salt. The actual experimental work 
was carried out by two assistants; and, since a definite time 
procedure -^ yas used, it \70uld be expected that this -srorlc 
should correlate. However, results seemed to indica.te that 
there -^ ras some personal factor not taken into consideration, 
since one man consistently obtained higher voltages than the 
other. This "s^ as shown conclusively ^ hen one attempted to 
duplicate the other* s results. An attempt was madis to corre­
late the data by plotting volts versus electrode distance for 
constant temperature, asroerage, and solution concentration. 
Although, because of the afore-mentioned difficulty, no 
definite correlation was obtained, it appeared that there is 
an electrode distance at which a minimum voltage is indicated. 
As.the temperature increases this minimum voltage point 
tends to move to a smaller electrode distance. At 90® 0. 
this appears to be less than 0,40 of an inch, the smallest 
electrode distance used during the tests. This might be ex­
plained by the fact that at higher temperatures.the viscosity 
of the solution is less and the gas bubbles which increase 
the electrical resistance can sweep out faster. Therefore, 
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if reasonably Mgii teniperatures are used - above 90° C. - it 
seems advisable to place tlie electrodes as close together as 
possible. It iras also observed tliat the voltage tends to 
increase Tjritb an increase of the caustic soda concentration 
or an increase in current density. At higher teimeratures 
the increase of voltage as the caustic concentration in­
creases i"s sjaall. 
•S. Batch Concentration Experiments with 
a Parallel Electrode Monel Cell 
Since the circular cell did not prove satisfactory for 
reasons previously mentioned, it -s^ as decided to build a 
rectangular cell having parallel electrodes. To resist the 
corrosive action of the caustic solution, monel metal was 
used as the material of construction. 
1. At>T?aratus 
The monel metal electrodes were made the sides of the 
cell, being separated electrically from the body of the cell 
by rubber gaskets. The electrodes -srere held in place by 
means of external clamps. The bottom of the cell i^ as ma.de 
sloping to facilitate salt separation and removal. Into this 
sloping bottom -sras welded a one-half inch monel metal pipe 
•which served both as the feed inlet and the salt outlet. 
This arrangement "sras used so that the salt would be washed 
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"by the dilute feed solution through which it fell. The faces 
of the electrodcs were 1-^  inches apart, No provision was 
made for supplying external heating. In the middle of the 
cell ^ as welded a diaphragn fraae. As can be seen in Figure 8 
the top pc»jrt of the frame was a solid sheet of inonel metal 
extending down into the solution. This provided a gas-tight 
chamber above the solution for each gas and lainisised mix­
ing, The asbestos paper diaphragm vr&s placed against the 
frame and was then held in place by a removable diaphragm 
holder. This holder held against the diaphragm frame 
by means of metal clips. The diaphragm served siiaply to 
separate the gases, since the anode and cathode solutions 
were free to mix below the diaphr?^ . A glass tee was oon-
nected to the bottom outlet pipe by means of rubber tubing. 
The feed solution was introduced into the side of this tee. 
The lower part of the tee was connected to a small bottle by 
means of rubber tubing, a glass tube, and a rubber stopper. 
This bottle served as the salt collector. Four outlets were 
provided on the top of the cell, two on each side. One w&s 
the hydrogen outlet, another the oxygen outlet, a third for 
the thermometer, and the fourth s-'jrved as an opening through 
77hich sanrples could be taken. 
The first test run on the cell -sras Ttiade using a solution 
containing 14 percent sodium hydroxide and 14 percent salt. 
The test ^ as carried out at room temperature, and the cell 
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appeared to operate satisfactorily except for the fact tliat 
the potentisl difference was over 4 volts. The current den-
siti'- was not ahove 140 amperes per square foot. Upon opening 
the cell it wslb found that the anode was badly corroded. 
From this it appeared thst it would be advisable to place the 
electrodes closer together in order to cut doim the potential 
difference. It wa,s this observation that started the interest 
in how the electrode spacing affects the voltage across the 
cell. The beginnings of this work have already been mentioned. 
Although this previous work did not correlate well, it did 
give a.n indication that an electrode distance of about 0,4 
of an inch gave the least cell resistance. Therefore, the 
cell iras remodeled so as to place the electrodes closer to­
gether. This "isras done by welding special clips to the old 
electrodes. Into these clips were set ssiall blocks of Haveg^  
which served as the electrode holder and insulated the elec­
trode frojn the rest of the cell. Eickel electrodes were 
used. The lead to the electrode was a continuation of the 
electrode itself and was brought out through the middle of 
the rubber gasket. An electrode distance of 0.60 inches was 
as close as construction permitted. The new anode had a face 
area (one side) of 10.16 square inches a.nd the cathode 10.44 
square inches. The details of this iBodification are shown in 
phenol-formaldehyde resin an asbestos binder. 
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Figure 9. A photograph of the cathode assembly is shown in 
Figiire 10. The cathode- assembly includes the side of the cell, 
the rubber gasket, the electrode clips ?nd Ha.veg blocks, and 
the electrode itself. !Iote how the electrode is taken out 
through the rubber gasket, thus insulating it coTnnletely from 
the cell body. 
2, Experimental res'ilts 
A batch concentration run -HSLS started on the modified 
cell keeping a constant liquid level and a constant current 
density. The cell filled and later fed with a solution 
hairing a concentration of 10.65 percent sodium hydroxide and 
13.9 percent sodium chloride at room temperature. A current 
of 6 amperes was used. The cell operated at a teiaperature 
of about 0. and frors 3.^  to ^ ,4 volts. After 22 hours 
of operation, it was noted that a large amount of black pre­
cipitate was settling out, thus indicating anode corrosion. 
The cell was opened, and it -sas found that the anode had 
been attacked. 
On the assrsnption that the corrosion was due largely to 
the high salt concentration, it was decided to carry out 
further tests on the cell using a feed solution having a 
higher sodiuai hydroxide and a lower salt concentration. This 
test was carried out simultaneously with work on methods of 
preventing chlorine evolution. The new batch run -^ as carried 
out by filling the cell and feeding it -with a solution con­
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taining 21.8 percent sodim hydroxide and 8.2 percent salt. 
Prior to the start of the run, the anode and the cathode 
of the previous rim were substituted for each other, since 
the anode had been attacked while the cathode had not. These 
two were exchanged so that the test could be started ^ ith a 
smooth anode. Then any corrosion could be observed. A cur­
rent of 3.0 amperes ( anode current density, 4?.g amperes per 
square foot) was used. At the start of the test the tempera­
ture was 26° 0, and the voltage vras 2.33 volts. At the end 
of the run, a total of 551,3 hours, the temperature was 57® C. 
and the voltage -^ as 4,0 volts. The rise in temperature was 
due only to the resistance of the solution. The rim -sras 
actually intermittent since the cell ^ as only operated during 
the day when its operation could be observed. The final 
product solidified on cooling to room teiaperature and con­
tained 60 percent sodiuia hydroxide. It has a light brown tinge 
due to the small amount of nickel hydroxide held in suspen­
sion in the solution. The anode showed no appearance of hav­
ing been attacked. An analysis of the hydrogen with a standard 
Orsat set showed a purity of over 99 percent. Table "71 con­
tains a tabulation of the data froa the run. The nearness of 
the current efficiency to the theoretical ^ as very encotiraging. 
It meant that the gas leaks were negligible, and that there 
was no aDtjreciable chlorine evolution. As can be seen by com-
"Daring Tables V and YI, the amount of oxygen and hydrogen 
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Table 11 
Restslts of the Batch Concentration Run 
in the Parallel Electrode Cell 
?eed concentration 21.8 ^  HaOH 
8.2 4 KaCl 
Product concentration 
Length of run 
Current efficiency 
Pounds osygen / Kwhr-
Pormds hydrogen / Kwhr. 
60 fa HaOH 
551.5 hours 
99,8 fo 
0.178 
0.0226 
produced per kilowatt hour m.B greater with the monel metal 
cell than mth the circular cell. 
Since the monel cell operated succesefully in a batch 
manner, it was deemed advisable to attempt to modify the cell 
so it could be used in a continuous operating giving a 
product of constant concentration. 
1. A-pT>argtus 
The only aodification necessary to malce the. cell continu­
ous was the installation of a l/l6 inch inside diameter monel 
metal tube on the cathode irall for a product outlet. A slcetch 
showing the location of this outlet tube is shoim in Figure 11. 
The outlet was installed on the cathode side becs-use of the 
F. Continuous Concentration Experiments 
wj.th the Parallel Electrode Monel Cell 
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Product outlet tube 
Fig. 11. Product Outlet Tube Installation* 
"Fig. 12. Unassembled Parallel "Slectrode 
Monel Metal Cell. 
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Fig. 13, Installed Parallel Electrode 
Monel Metal Cell. 
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slightly higher sodium hydroxide concentration near the 
cathode due to a difference in transference n-ombers. Be­
cause worlc on chlorine evolution indicated that the tendency 
for chlorine to be evolved is much less at higher tempera­
tures, and also because the voltage required at elevated 
temperatures is less, a copper steam coil was soldered to the 
bottom of the cell. This was then covered with magnesia 
insulation, A photograph of the cell prior to final assembly 
is shown in Figure 13. The diaphragm can be seen in the cell 
body. The tube projecting from the back of the cathode as­
sembly on the right side of the photograph is the caustic 
outlet tube. A photograph of the installed cell and its 
auxilary apparatus is shoMi in Figure 13. 
2. Concentration tests 
A series of runs was undertalcen in which a caustic-salt 
solution of the concentration noimally obtained from a 
chlorine-caustic cell was concentrated to 50 percent sodium 
hydrozide continuously. The feed and product removal rates 
were calculated by material balances. These rates were found 
to be small compared to the amount of solution in the cell. 
Then, to have continuous flow with a constant product con­
centration, the cell liquor at equilibrium must have essen­
tially the same composition as that of the product. All 
previous data had indicated that the cell voltage increased 
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as the caustic concentration increased. If the continuous 
concentration to a 50 percent sodium hydroxide solution Trere 
carried out in one step, the poorer requirements wuld be 
large because of the high voltage at the high caustic concen­
tration. If the concentration process were carried out con­
tinuously but in t^ o steps - for example, first concentrate 
to 25 percent sodium hydroxide and then to 50 percent - less 
poorer Tsrould be reo.uired. This frould be true because the first 
part of the concentration i^ ould be carried out with a cell 
liquor more dilute in respect to sodiua hydroxide; as 
mentioned before, this apparently woxald require a loiter vol­
tage than a 50 percent sodium hydroxide solution. Therefore, 
it was decided to use four steps in the continuous concen­
tration process. To do this continuously -sjould reqiaire four 
cells in series. To carry out this operation, since only 
one cell was available, the cell -^ a^s filled with a solution 
having the composition of the desired product, in order to 
bring it into equilibrium, and Tras fed with the product of 
the previous run. Feed was introduced and product was re­
moved continuously, the rate depending upon the concentration 
of the feed and the product and the current. 
In test A-1 the cell was filled with a solution contain­
ing 170 grams of sodium hydroxide per liter and 192 grass of 
salt uer liter. It was then fed with the 10.65 percent 
sodium hydroxide solution at such a rate as to maintain the 
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product concentration at 170 grams of soditca hydroxide per 
liter. The cell operated properly except that the current 
efficiency -s-as 110 percent. This is unesplainahle, xmless 
the cell body tos shorted to the anode. If so, the plate 
behind the cathode vtovld act as an auxilEry anode and evolve 
extra gas, oxygen, in the cathode compartment. Since the 
current efficiency was oalciliated from the measured gas 
volumes, this explanation could account for the discrepancy. 
It ifas decided that the product concentration from the 
first of the four cells in series should be higher than that 
obtained in run A-1. Therefore, in run A-2, the cell -^ a^s 
filled with a solution containing 226 grains of sodium hydroxide 
per liter and 148 grams of salt per liter. The cell was 
again fed with the afore-mentioned solution containing 10,65 
percent sodiua hydroxide at such a rate as to obtain a 
product containing 228 grams of caustic soda per liter. In 
the next run, A—3, this product was tised as the feed solution. 
Runs A-2, A-3, A-4, and A-5 constituted the simulated opera­
tion of four cells in series, giving a product containing 50 
percent sodium hydroxide. The data from these tests are 
sho^  in Table TEI. The volume of the hydrogen ms measured 
in a wet test meter continuously; and, part of the time the 
oxygen volume was measured by another wet test meter. The 
solution temperature held between 80® 0. and 100® C. by 
Table VII 
Results of Tests on the Parallel JSleotrode Monel Metal Cell 
Run 
Mo. 
Feed 
Gomp. 
Product 
Gomp. 
Total 
Feed 
Total 
Product 
Cu. 
H2 
Ft. Kwhr. Current 
Eff. 
Volts 
Avg. 
cell 
Temp. 
Hours Ib.H. 
per 
gm/L gm/L gm/L gin/L 
NaOH NaCl NaOH NaCl 
ml. ml. oc. Kwhr, 
A-1 :^ 31 171 170 192 594 352 7. 21 1.067 110^  ^ 2.40 91 45.0 .0379 
A-2 131 171 226 148 1109 706 16. 78 3.24 93.5^  •2.70 92 77.5 .0300 
A-3 226 148 353 80.2 923 529 13. 50 2.346 10 2^  ^ 2.6 94 75.3 .0312 
A-4 35 3 80.2 525 27.5 724 507 11. 14 1.852 10 65^  2.57 97 61.0 .0338 
A-b 525 27.5 758 13.6 235 157 3. 28 0.507 90^  2.11 96 20.8 .0363 
A-8 131 171 788 13.0 394 88 12. 45 2.012 95.69& 2.28 97 61.4 .0347 
Electrode Losses 
Run A-1 Anode loss = 0.0173 gm. Cathode gain « 0.1045 grti. 
Runs A-2,3,4 Anode loss = O.OIJJO giu. Cathode loss «= 0.4887 gm. 
^1 a till., 0° C. 
62 
means of the steaa coil. 
During run A-2 tne asbestos paper diapiiragm partially 
disintegrated; so ttie run iiad to be stopped teisporarily a,nd 
a new diapiiragm ims inserted. Up to tMs point in tlie run 
the cell operated properly. However, after the diaphragm 
replacement, a black precipitate fonaed when the -povreT 7?as 
tiimed on. The cell ivas opened and it •?fas found that the 
anode had been badly attacked. It is believed that a short 
circuit occurred and that the' corrosion wrs due to the 
chlorine evolved while this condition existed. A photo­
graph of the corroded anode is shown in Figure 14. This shows 
the tiroical effect of chlorine on an electrode. !yote the 
irregular edges and holes in the electrode. Soiae portions 
Fig.,'^ 14. A Corroded Anode 
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of tlie surface were not attacked. It "sras necessary to install 
a new anode before run A-3 could be started. 
One of tbe principal difficulties encountered was tlie 
breaking of tlie diapbraga, Tbe only material availa,ble was 
an asbestos paper -sfMcli had little strength xrhen wet. The 
diaphragm had to be replaced, a few times during the runs. 
Even -crhen the diaphragm -was intact, there was a slight flow 
of hydrogen from the cathode to the anode. This was observed 
as a slight impurity in the oxygen when the anode gas vras 
analyzed in an Orsat set. Using the cathode gas as a basis 
(assu-Tiing it to be pure hydrogen) the corresponding amount 
of oxygen that should have been evolved was calculated. It 
•!7as found that 1.3 percent more gas ms evolved from the 
anode than was calculated. This difficulty inras probably due 
to the design of the cell. The hydrogen compartiaent should 
be twice as large as the oxygen conrpartment because of the 
2 to 1 ratio of the gases. However, in the cell the tiro com­
partments were the same size. 
It TTas noted that a black film formed on the cathode and 
occassionally flaked off. The electrodes ^ ere Tjeighed periodi­
cally and a definite loss in weight was indicated for both 
the anode and cathode. It would be expected that the anode 
o^uld lose weight due to attack by the oxygen and any chlorine 
evolved. However, it was found that the loss from the cathode 
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r^as considerably greater tlian tliat from the anode. It is 
believed that this was due to the fact that the cathode yr&s 
a plate which had bees used previously as an anode and had 
become corroded. Data to be presented later in the context 
isrill bear out this belief. 
An unexpected result was obtained in run A-5 where the 
product was a solution containing 50 percent sodium hydroxide. 
It -sras noted that the voltage required in this run was less 
than that for the more dilute solutions, a phenoraon not ex­
pected from the previous results. It appeared from this that 
it TiTOuld be desirable to use only one cell in carrying out 
the continuous concentration from 10 percent to 50 percent 
sodium hydroxide, in order to take advantage of the lower 
voltage requirement. This would also be an advantage in that 
the aaiount of salt soluble in a 50 percent caustic solution 
is so staall that there should be no trouble with chlorine 
evolution. 
Run A~S was undertaken to test the feasibility of using 
only one cell in place of the previously proposed four cells. 
The cell 'sras filled ^ th a 50 percent caustic solution, satu­
rated with salt, and was then fed -s^ ith the solution containing 
131 grams of sodium hydroxide per liter and 171 grams of 
sodi"uin chloride per liter. The composition of this feed 
solution approximately the same as the composition of the 
product obtained from a Hooker Tjrpe-S cell. Tne run ^ as suc­
cessful in tliat a dilute caustic—salt solution ^ ras concen­
trated continuously in one cell from an 11 percent to a 50 
percent caustic solution. A current efficiency of 35,6 
percent T?as calculated from the measured gas volumes. T^hen 
one taicss into accoiint the possible errors that could be made 
in gas volume measurements and the possible error in the 
ammeter, this is a very satisfactory result. 
A piece of 7±nyon-li^  cloth -sras used as a diaphragm in 
this run in place of the previously used asbestos paper. 
This cloth stood up much better than the asbestos paper; it 
showed no deterioration when observed at the end of the rim. 
It can be noted that the voltage in test A-3 -was a little 
higher than in test A-5. However, the product concentration 
in A-8 ^ as also higher. As -ill be shown later, a solution 
•with a concentration of that obtained in test A-5 has less 
resistance than the slightly more concentrated solution ob­
tained in test A-8. The product from test A-8 ^ ras a little 
over 51 percent sodirca hydroxide, i7hile that from test A-5 
was a.bout 49,5 percent sodium hydroxide. 
To mea.sure the purity of the gases a special Orsat b-ulb 
•^ 7as constructed. The tip •n&.s cut off a 50 ml. pipette, lines 
•?Tere etched near each of the t^ o ends, and the total volume 
co-oolymer of vinyl chloride and acrylonitrile. 
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between the tsro lines was determined. Then, the ssiall tubes 
on both ends of the pipette -srere etched and calibrated so that 
volumes could be measured in them. This tuhe was then sub­
stituted for the conventional gas volume tube in an Orsat set. 
Because the tubes were of a small diameter, 1 inch in length 
represented only about 0,5 ml. The length of these narrow 
tubes ns-s such that a maximum of 2|- percent impurities in a 
gas could be measured. Ho-srever, for this case where gas 
purities ran near 100 percent, this was satisfactory; and it 
afforded a means of determining the gas purity within 0,1 
percent. This degree of accuracy is much better than the 
one percent accuracy normally obtained from an Orsat set. A 
photograph of the modified Orsat apparatus is shown in 
Figure 15. •. - — ' 
Fig; 15. The Modified Orsat Apparatus 
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To detemine tlie purity of hydrogen, the gas is passed 
through a solution of potassium pyrogallate to absorb the 
oxygen. The volume of the remaining hydrogen can be measured 
on the loi7er calibrated scale. To determine the oxygen purity, 
the gas is passed through potassium pyrogallate until all the 
oxygen is absorbed. The residual hydrogen volume is then 
measured on the upper calibrated scale. 
The hydrogen in test A-S was found to contain about 1 
percent oxygen. The purity of the oxygen T^ -as not determined. 
3. Conductivity tests 
At the end of runs A-4 and A-5 a series of conductivity 
tests i^ ere made. They -^ rere carried out by measuring the 
voltage corresponding to different amperages •5rhile the 
temperature was held constant. Data were taken at 79, 84, 94, 
99, 104, and 109 degrees Centigrade. These data gave an 
interesting correlation when a plot of volts versus current 
density nas prepared. For each rtin a family of lines was ob­
tained, esch line representing a different temperature. The_ 
graph obtained from the data of run A-5 is shown in Figure 16. 
In an attempt to obtain a correlation between voltage and 
the solution concentration, a number of other similar con­
ductivity tests were carried out at concentrations of 354, 
570, 618 grams of sodium hydroxide per liter. All the 
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Density for Run A-5. 
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solutions ^ exe satiixated ^ th salt. Similar plots to tliose 
stio-?m in Figure 16 were obtained. These plots are not in­
cluded lierewitli because more cosiplete conductivity data axe 
to be presented subsequently. It was noted tbat, for a given 
current density and temperature, the voltage was at a minimum 
between concentrations of 600 and 760 grams of sodium hydrox­
ide per liter. Belo-s? 600 grams per liter the voltage -jras 
higher. However, the points ^ ere too far apart to accurately 
predict the shape of the curve. 
4. Conclusions 
The work ^ rith the flat, parallel electrode cell proved 
the practicability of both the process in its continuous form 
and the particular cell design. The results indicated that 
in one cell a dilute caustic-salt solution, such as that ob­
tained from a conventional chlorine-caustic cell, can be con­
centrated continuously to a 50 T^ ercent caustic solution. The 
use of auxiliary steam heating seemed very desirable, since 
the voltage reqiiirements at elevated temperatures are much 
lower. This is evident in the increase in the pounds of 
hydrogen produced per kilowatt hour. During the batch run 
before steam coils were added, 0.0326 pounds of hydrogen 
were produced per kilowatt hour. In run A-8, 0.0347 pounds 
of hydrogen were produced per kilotratt hour. This is an 
70 
increase in production per \init of power of 53.5 percent. 
Although the continuous cell ^ as successful on a small 
scale, the final criterion of its feasibility should be the 
operation of a large xmit. 
G, Further Studies on Variables Affecting 
the Chlorine STolution Point 
In the course of all the previous wort some investiga­
tion had been made of the chlorine evolution point but, since 
only visual observations vrere used to determine corrosion, 
results were not too accurate or conclusive. The problem of 
chlorine evolution becasie of increasing importance when the 
anode ^ ras attacked in the flat electrode sonel metal cell. 
This study on the chlorine evolution point i^ as carried on 
concurrently with that work. 
A series of tests were carried out in "^ hich the elec­
trodes were weighed on a, quantitative balance in order to 
determine the electrode loss. It was deemed desirable to 
see i^ hat factors, if any, controlled the chlorine evolution 
point. In order to do this, it was necessary to hold as many 
of the variables constant as possible. 
1. Atmaratus and procedure 
The tests were carried out in a beaker using an apparatus 
similar to that used in the conductivity tests. Small nickel 
square inclies and a shape as that shown in Figure 17. The 
electrodes ifere separated by an asbestos paper diaphragm held 
in a metal frame. This frame fit tightly into the beaker so 
that there was no mixing of the gases in the solution. The 
Fig. 17. Chlorine Evolution Point Electrodes 
gases ^ ere not metered but -^ ere permitted to escape into the 
air. The beaker -wss placed in a water bath -j^ hich in turn 
was set on an electric hot plate. By regulating the rate of 
flow of vsater through the bath, reasonably constant tempera­
ture could be maintained. Rims of two to three hours dura­
tion yjQ-re made during ^ rhich current, temperature, and elec­
trode distance were held constant. The solution used had 
the coToposition of the effluent from a Hooker Type-S caustic-
chlorine cell, 135 grams of sodium hydroxide per liter and 
170 grsjms of sodiuin chloride per liter. The concentration 
of the solution increased slightly, although feed iras slowly 
N tV 
\ 
/ 
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added to tlie beaker frota a dropping funnel in order to raake 
up for the loss by evaporation and electrolysis. Even so, 
"by analyzing the solution before and after the run, an aver­
age concentration was obtained ^ fhicli was not greatly differ­
ent from the initial concentration. The voltage, obviously, 
depended on the current and on the degree of polarization; 
but, after about the first 15 minutes of the run, the voltage 
remained at a constant va,lue. 
3. Discussion of the results 
Because the electrodes were so small, there ^ as almost 
as much evolution of gas on the ba-ck of the electrode as on 
the front; so the area of both sides of the electrode ^ as 
used in calcu3.ating the cvirrent density and the corrosion 
loss in grains per hour per square inch. Table TEII lists 
the resiilts of the chlorine evolution tests. 
Some interesting conclusions can be dra^  from these 
tests. Oornparing runs 3-1 and 3-S, Trhich -jrere essentially 
identical except for temperature, it can be noted that cor­
rosion on the anode was less at the higher temperature. Run 
3-3 ^ s carried out at the same temperature as 3-3 but at a 
higher current density. The loss as sho^ m "ssras less than 
before, but the difference is small enough to be attributed 
to experimental error. Run B-6 differed from B-3 in that 
Tabi.a VIII 
Ohlorlne Evolution Test Data 
Test Solution" Amps. Voits Current Eleotrodo Eleotrode Temp. Oorrosion Rate 
No. Gone, Oenoityo Distance, Area *^ 0. gm/hr. x in 
gm/L gm/L amps/ft inohea in anode oathode 
NaOII NaCl 
B-1 145 187 1.90 2.50 137 0.60 2 75 .0004 .0000 
B-'fi 154 192 1.92 2.25 138 0.60 2 85 .0001 .0000 
B-es 155 181 2.38 2.37 172 0.60 2 84 .00004 .0000 
B-6 154 175 2.40 2.45 173 0.60 2 75 .0001 .0001 
D-9 151 184 2.44 g.65 366 0,60 1 84 .0021 .0000 
B-10 145 185 1.87 2.45 270 0.60 1. 80 .0000 .0001 
B-12 145 184 2.02 2.53 291 0.60 1 81. .0003 .0000 
B-14 131 173 1.87 3.60 270 0.60 1 25 .0695 .0003 
B-15 152 173 1.87 3.23 270 0.60 1 36 .0840 .0002 
B-16 135 175 1.87 2.90 270 0.60 1 42.5 . 0491 .0000 
B-17 135 175 1.87 2.75 270 0.40 1 M 42.5 .0002 .0022 
B-10 132 175 1.87 2.85 270 0.50 1 41.7 .0001 .0011 
B-19 134 175 1.87 2.97 270 0.60 1 42.3 .0001 .0012 
B-20 134 175 1.8 V 3.05 270 0.70 1 41.5 .0004 .0000 
B-£l 134 175 1.87 3.03 270 0.80 1 41 .0010 .0016 
B-2S 134 175 1.87 3.18 270 0.80 1 X 41.5 .0030 .0004 
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the teaperatnre ?ms 10 degrees lotrer. Bote tliat the loss, 
througli not appreciable, was somewliat greater than it ^ ras 
in 3-3. It can "be concluded that in none of these tests 
B^.s the corrosion excessive; in fact, there -jras no sign of 
corrosion on either of the electrodes. 
The rectifier used as a direct current source had a full 
load capacity of 2.5 amperes. Hew electrodes -i^ ere cut out, 
each having an area of one-half square inch, in order to use 
higher current densities and yet not overload the rectifier. 
Tests 3-9 and 3-12 ^ rere run at alrnost the same conditions ex­
cept that a lo-Tirer current density was used in B-12. Hote that 
the loss in the latter run ^ as r^ uch less apparently due to 
the lower current density. This indicates that current den­
sity is a controlling factor in anode loss. 
Run B-10 was chosen a,s the basic nm in a series of 
tests ^ here the current density, concentration, and electrode 
distance »78r€ held consstant artd the ternperature -ras varied. 
There "sras no anode loss at 80® 0. Test 3-14 tras carried out 
at 25° C. and the anode ^ as heavily attacked. The resulting 
solution -^ a^s dark from the suspended nickel hydroxide. It 
•??as interesting to note that sost of the pitting occurred 
at the edges and corners of the electrode. The corroded elec­
trodes were scrubbed urith a brush and soap and mter in order 
to remove any adhering material; but even so, the corroded 
spots rejnained "blaolc. Test B-15 was carried out at 36® C. 
as compared to 25° G. in test 3-14, but sho'^ red 12 percent 
more corrosion. TMs could "be explained by the possibility 
that the evolution of chlorine is aided by the corroded area. 
Then, in test B-14 the attack could have been slow for a. time 
until the corroded areas were built up, ^ hile in test B-15 
the spots ^ ere present at the beginning of the run. The 
effect of temperature can be seen by comparing tests B-15 
and 3-16. The loss was considerably less at the higher 
temperature. 
The anode ua.s becoming so corroded at the end of run B-16 
that the anode and cathode were substituted for each other. 
Then a series of runs -^ ere T2nderta,ken at constant temperature, 
current density, and concentration, but at a varying electrode 
distance. In tests B-17 to B-21, the electrode distance was 
varied from 0.4 to 0,8 inches while the temperature was held 
at about 42° 0. Only at the greatest electrode distance was 
there any corrosion, and this was on one corner of the elec­
trode. Co23ipa.rison of runs 3-16 and 3-19, both having almost 
identical conditions, seems to bear out the hypothesis that 
chlorine evolution is accelerated by the presence of corroded 
areas. The only difference between the runs was that the 
electrode in run 3-16 was pitted and corroded while that in 
B-19 was smooth. It can be seen that, although there was no 
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appreciable corrosion in the latter rim, the electrode was 
badly attacl:ed in tlis former run. A possible explanation of 
this effect can be formulated if one assisaes current density 
is a controlling factor in chlorine evolution. It can be 
noted in plating baths and also by careful observation of 
an electrolysis electrode that more action talces place on the 
corners and edges of the plates than on the main surface. 
In observing corrosion due to chlorine evolution, it was 
found that corrosion invariably starts on the edges and cor­
ners or on high spots on the surface of the electrodes. These 
are spots where one i?rould expect to find the greatest current 
density. If current density is a controlling factor, when 
the critical value of current density is reached, corrosion 
1^1 appear at these points first. The evolved chlorine 
attacks the electrode forming a chloride which is partially 
converted to the hydroxide. This forms a high spot on the 
surface -^ rhich only draws more of the current, thus increasing 
the current density at that point. The rate of corrosion in­
creases as the current density is increased. The effect of 
the corroded areas is also evidenced by runs B-21 and B—2??, 
which were run under the same conditions, except that the 
anode -eras corroded prior to the start of 3-22. As a result 
the corrosion TTas greater in B-22. 
3y comparing tests 3-9 and B-IS, it is obvious that the 
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potential difference between tbe two electrodes is not a con­
trolling factor concerning chlorine evolution. It is more 
logical to believe tliat tlie voltage drop affecting tlae deposi­
tion of chlorine is the potential difference between the 
electrode s.nd the immediately adjacent solution than it is 
the potential difference betisreen the two electrodes. The 
data seems to bear this out. 
Another observation is that concerning cathode loss. It 
will be noted that while the cathode was a smooth plate -
through rtm 3-16 - there iros very little loss from it. Eo^ -
ever, after the electrodes ^ ere substituted for each other, 
it can be seen that there ms a considerable loss from the 
cathode. It appears that the use of a corroded electrode 
for a cathode is not desirable. This fact raa.y explain the 
continual loss from the cathode in runs A-2 to A-5 as pre­
viously mentioned. 
It can be concluded that the four readily measurable 
factors which affect the point at which chlorine is evolved 
are current density, temperature, salt concentration, and 
electrode distance. There is less tendency for chlorine to 
be evolved at lo^  current densities than at high current 
densities. For a given current density and solution concen­
tration, chlorine is less lilcely to be evolved at higher 
temperatures. As the salt concentration increases, like­
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wise the tendency for dalorine evolution increases. It is 
desirable to place the electrodes close together; but, in 
most instances, the electrode distance will have little effect 
on chlorine evolution. 
As previously mentioned, this "vrorlc was carried on siiaul-
taneously with the wori on the flat, parallel electrode inonel 
metal cell, 'Ihen this cell tos made to operate successfully 
in a continuous manner nalcing a product containing 50 percent 
caustic soda, the fforlc on the chlorine evolution point was 
discontinued. This •sras done because there is only about 3 
percent salt soluble in a hot 50 percent caustic soda solu­
tion. This salt concentration is so small that the chlorine 
evolution tendencies are nil. 
H. Conductivity Tests 
The conductivity studies on caustic soda solutions, satu­
rated ^ ith salt, mentioned previously, did not give any satis­
factory correlation. Those studies done ^ ith the flat, paral­
lel electrode, inonel metal cell were the best obtained; but 
data ^ ere lacking at certain points. It was difficult to 
change electrodes in the flat monel mets.1 cell and almost 
impossible to change the electrode spacing. Therefore, it 
vras deemed desirable to discontinue the conductivity tests 
in that cell and construct a new ceil which would be de­
signed purposely for conductivity tests. This ^ as done; and 
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a study of tlae effect of electrode spacing, electrode material, 
solution concentration, current density, and tempera.ture on 
tlie conductivity of caustic-salt solutions -sfas undertaken. 
1. A'p'oaratus 
A jnonel metal cell lia'ving a boxli"k:e shape was constructed. 
In the center cf the cell was welded a diaphragm frame similar 
to that used in the flat, parallel electrode, monel metal 
cell. A Vinyon-H cloth diaphragm was placed against the frame 
and was held in place by a removable diaphragm holder. The 
diaphragm holder iras held to the solid diaphragia fr?jne by 
metal clips. The top of the cell was removable and was held 
in place 'by a flange-type arrangement. A gas-tight seal be­
tween the cell body and the top i?as maintained by means of a 
rubber gasket. In each side of the cell isras cut a hole 1 5/8 
inches square. This T^ as done so that the electrodes could 
be removed without disturbing the rest of the cell. However, 
since this arrangement proved to be inconvenient, in practice 
the electrodes ^ rere removed through the top. The S inch 
square electrodes wera placed inside the.cell and were sepa­
rated from the side of the cell by means of squ?5,re rubber 
gaskets having the same face area as the electrodes. The 
back of the electrode was cemented to the gasket by a rubber 
cement. To hold the electrodes in place a nut was silver 
soldered onto the back of each. Into this nut was threaded 
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a machine screw w'nicli extended t'nrougli a liole in the gaskets 
and on outside the cell. On the outside of the cell the 
the machine scTew passed through a hole in an angle iron, 
h^ich -^ as placed across the side of the cell hut insulated 
from it. Hear the head end of the screw was a nut. By 
tightening this nut against the a.ngle iron, the electrode -ras 
pulled against the rubber gaskets, isrhich in turn irere pressed 
against the inside of the cell. The machine screws also 
served as the electrical leads to the electrodes. Changing 
the electrode spacing sirnply a matter of changing the 
number of layers of gasketing material. Sandwiched bet^ reen 
the rubber gaskets, to prevent the electrode from bending 
in the middle, was a l/8 inch piece of sheet steel, -which 
was the same size as the gaskets. Out of the bottom of the 
cell projected a 3/8 inch pipe. To this -oipe was connected 
a glass tee. Feed -sras introduced into the side of the tee, 
and the salt settled into the rubber stoppered bottom of the 
tee. A product outlet T7as provided on the cathode side of 
the cell. Provision was made in the top for a hydrogen and 
a.n oxygen outlet; and a hole was cut for the installation of 
a thermometer. A steam coil was "olaced around the bottom of 
the cell so that elevated temperatures could be maintained. 
A diagramatic sketch of the a'^ paratus is shown in "Figure 18, 
and a photograph of the experimental set-up is shown in 
Figure 19. 
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The advanta.ge of this apparatus, in addition to the ease 
of electrode removal, T?as that no gas evolution could occur 
on the back of the electrode. Thus, a small electrode could 
be used to measure conditions vjhich should apDly to large 
electrodes where evolution on the back of the electrode is 
neglible. 
"Sffect of electrode spacing: on the cell voltage 
A series of experiments irere undertaken in which the 
effect of the electrode spacing on the cell voltage was studied. 
Nickel electrodes ^ ere used. The tests -^ ere made at electrode 
distances of 0,3S, 0,46, 0.59, 0,71 and 0.78 inches. All the 
tests v7ere made on a 50 percent caustic soda solution satu­
rated with salt. The procedure -^ as the same as that used in 
previously mentioned conductivity tests. The cell ^ as allow­
ed to run SO minutes before data were tskien, so as to allo^  
complete polarization of the electrodes to take place. Then 
the potential difference between the electrodes ^ as measured 
for different current densities from 74 to 3S0 amperes per 
square foot while the temperature was being held consta.nt. 
Observations T?ere made at temperatures from 80 to 110 degrees 
Centigrade in five degree increments. ?eed was continually 
added to the cell; and the product ?ras continually removed, 
so as to maintain a constant cell liouor concentration. At 
the end of each test a sample was taken from the anode aJid 
the cathode compartments. This was cooled and settled and 
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subsequently analyzed for caustic sotfe and salt. 
The primary cause of error in the tests •ro.s temperature 
control. Since temperature affects the conductivity marked­
ly, the effect of any temperatiire change on the cell voltage 
was noticeable. It -was necessary to take observations -i^ hen 
the temperature -was constant. If the readings were taken 
•ffhen the thensoaeter indicated the desired ternpera-ture, but 
while the tenrperature actually ms changing, the actual solu­
tion temperature iras not that as recorded because of the time 
Isg in the thermometer. 
The data Here first treated by preparing a graph of volts 
versus current density for each test. This gave, in eveiry 
case, a family of straight lines and served to smooth out 
experimental errors. The volts versus current density plots 
for each of the five electrode distances are shoim in Figures 
20, 21, 22, 23, and 24. The extrapolation of these lines to 
a zero current density gives the theoretical decomposition 
potential. For any value of current density it is possible 
to take smoothed data, from these plots and to siake a corre­
lation between voltage and electrode distance. Such corre­
lations for current densities of 75 and 150 amperes per 
sauare foot are shown in Figures 25 and 26. It will be ob­
served that, in neither case, does the change in electrode 
distance have an appreciable effect on the cell voltage. As 
would be expected, the effect of electrode distance on the 
cell voltage is more n^ t^icable at the lower temperature and 
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Fig. 20, Correlation of Voltage with Current Density 
for Nickel Electrodes at an Electrode 
Distance of 0,36 inches. 
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Fig, 21. Correlation of Yoltage with Current Density 
for nickel Electrodes at an Electrode 
Distance of 0»46 inches. 
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CURRENT DENSITY - AMPERES PER SQUARE FOOT 
Fig. 23. Correlation of Voltage witli Current Density 
for Hickel Electrodes at an Electrode 
Distance of 0.71 inches. 
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Fig, 24, Correlation of Yoltage with. Current Density 
for niokel Electrodes at an Electrode 
Distance of 0.78 inches. 
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26. Correlation of Cell Yoltage v;ith Electrode 
Distance for TTickel Electrodes at a Current 
Density of 150 ilrr.peres per Square Foot. 
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at the Mglier current density. Tbe effect of tlie temperature 
of the solution on the conductivity of the solution can a.lso 
be seen. The conductivity increases with an increase in 
temperature; but the effect is not so pronounced above 95*^  C. 
It can be concluded that the resistance of a 50 percent caustic 
soda solution saturated ^ ith salt is small, especially at 
tesperatures above 95® 0. The t5?o factors accounting for 
most of the potential difference bet^ e^en the electrodes must 
be the theoretical decomposition voltage and the overvoltage. 
3* Coranari son of monel metal and nickel electrodes 
In order to determine whether it -syoiiJ-d be more desirable 
to use monel metal or nickel electrodes, another complete 
series of conductivity tests was carried out using monel metal 
electrodes. This i^ as done in the same aT;paratus as that used 
for the t??o inch square nickel electrodes. Sirsilar procedures 
•were used on a 50 percent caustic soda solution saturated 
with salt. The data ^ exe sjnoothed as before by prepa.ring 
plots of volts versus current density. Then, the correlation 
of volts versus electrode distance was raade for current den­
sities of 75 and 150 a.mperes per square foot. These are 
shown in Figures 27 and 23. The solid lines represent the 
data from the monel metal electrode tests. The broken lines 
represent the data from the tests using nickel electrodes 
at 80° 0. and 110® 0. It can be seen that the nickel elec­
trodes show from 0.05 to 0.1 volt lower potential difference 
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Fig. 28. Correlation of Cell Voltage with Electrode 
Distance for Iv'onel L:etal Electrodes at a 
Current Density of 150 Amperes per Square Foot, 
than the monel metal electrodes. Since the other conditions 
were the sa^ ae, this difference in voltage must represent the 
difference in the overvoltage of the trro metals. Thus, it is 
obvious that nickel electrodes are more desirable than monel 
metal electrodes as far as voltage requirements are concerned. 
of stainless steel electrodes 
It "Was observed that a.black film formed on the cathode 
during electrolysis and occasionally flaked off. The writer 
theorized that this could be due to an acid condition on the 
surface of the electrode due to the hydrogen ion concentration. 
It 7IB.3 thought that possibly an acid resistant material such 
as stainless steel ?/ould make a better cathode material than 
nickel. Therefore, a conductivity test was made using a 
nickel anode and a stainless steel (tjTDe 304) cathode. "Slec-
trode distances of 0,78 and 0.46 inches wexe used; the solu­
tion tested contained 50 percent caustic soda saturated with 
salt. The plot of volts versus current density for the test 
at an electrode distance of 0.46 inches is sho^ in Figure 29, 
A comparison can be made between Figure 29 and Figure 21, 
the latter being for nickel electrodes under similar condi­
tions. It can be seen that the voltage requirement when 
using the stainless steel cathode is considerably greater 
than when using a nickel cathode. It "was also observed that 
the black film also formed on the stainless steel cathode, 
•rj;, 
thereby proving that there'T^as nothing to be gained by using 
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Fig, 29. Correlation of Voltage with Current Density 
for a Stainless Steel Cathode and a Mokel 
Anode at an Electrode Distance of 0.46 inches. 
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stainless steel as a cathode ciaterial. 
a^Tiation of condu-ctivity ^ ith solution concentration 
Some study of the variation of the cell voltage -with the 
solution concentration tras made on the flat, parallel elec­
trode, monel metal cell. HoTrever, these data were incomplete; 
so it seemed desirable to repeat the experiments in the 
special conductivity cell. A series of conductivity tests 
was carried out at an electrode distance of 0.48 inches. 
This is about the Tniniraum practical electrode distance -when 
construction difficulties are taken into account. Tests were 
carried out on caustic soda solutions, saturated »rith salt, 
having concentrations of S9,2, 32.1, 34.2, 38.5, 40.5, 41.6, 
47.2, 50.1, 50.3, 52.7, 5B.2, 57.7, and 60.0 percent sodium 
hydrozide. The same procedure -sras used as that of previous 
conductivity tests. ITickel electrodes were used for all the 
tests. The data -^ rere first smoothed by preparing graphs of 
volts versus current density. From these plots, data were 
taken to prepare correlation graphs of volts versus solution 
concentration in percent sodiua hydroxide. The correlations 
obtained at current densities of 75 and 150 amperes per square 
foot are shown in Figures 30 and 31, Only the data for the 
80° C., the 95° C., and the 110° C. tests are showi on each 
graph for the sake of clarity. It will be noted that the 
points are quite scattered. However, this is to be expected 
due to certain inherent inaccuracies in the tests. The 
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PERCENT SODIUM HYDROXIDE IN CELL LIQUOR 
Fig. 30. Correlation of Cell Voltage witti Cell 
Liquor Concentration at a Current Density 
of 7 5  Amperes per Square Foot. 
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Fig. 31. Correlation of Cell Voltage witli Cell 
liquor Concentration at a Current Density 
of 150 Amperes per Square Foot. 
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voltage readings could "be as mticli as 0.1 volt in error. This 
coijld be caused both by inaccuracies in the meter and in its 
reading and by the lack of exact ternperature control. The 
effect of a temperature change of one degree Oentigrp.de on 
the voltage is especially noticeable at the lo^ s^-er temperatures. 
Knowing this, one wo'Jld predict that larger error wuld be 
found at the lo^ er temperatures. This was observed to be 
true. Because of this probable error in the data, the writer 
did not feel justified in following small variations in the 
points. Instead, only a straight line was drawn fros 28 to 
50.5 percent caustic socte., indicating that between these 
concentrations, in the temperature range of SO® C. to 110° 0., 
the conductivity of the solution is essentially independent 
of the solution concentration. Above a solution concentra­
tion of 50.5 percent sodiu'n hydroxide, a definite trend is in 
evidence. The voltage rises rapidly as the concentration 
increases. It can be concluded that it would only be feasi­
ble to concentrate solutions to about 50 percent catistic soda, 
as going much above this concentration would require much 
larger expenditures of electrical energy. 
To check this phenomenon a conductivity test was ca.rried 
out at a current density of 150 sjnperes per square foot a.nd 
100® G. The original solution contained 14 percent sodium 
hydroxide saturated with salt. The sodium hydroxide concen­
tration was slowly increased and the voltage was observed, 
Iceeping the temperature and current density constant. It was 
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observed that the voltage remained essentially constant, up 
to a 50 percent sodium hydroxide concentration, thereby justi­
fying the straight lines in Figures 30 and 31. 
I, "Slectrode Life Tests 
A hot 50 percent caustic solution is Icno^  to be very 
corrosive; so logically it can be assxmed that the electrodes 
mil be attacked to some extent. The life expentancy of the 
electrodes is of extreme importance for preconstruction cost 
accounting, since without this datum depreciation and main­
tenance rates can be obtained only by guessing. The rate at 
•srhich niclcel and monel metal is attacked by caustic solutions 
is reported in the literature. However, these data are for 
equipment such as evaporators. The data do not take into 
account the case frhere there is current flo'sr and gas evolu­
tion. Therefore a series of tests was undertaken to deter­
mine the rate of corrosion of nickel electrodes. 
1. A-p-oaratus and •procedure 
The monel metal cell used in the afore-mentioned conduc­
tivity tests was modified and used for these tests. The loss 
tests T7ere carried out by -sfeighing the electrodes on a quanti­
tative balance before and after the test. The electrodes in 
the conductivity cell were rather difficult to rew.ove;' and also, 
they were glued to the rubber gasket. Since the complete re-
aoval of the glue was very difficult, it was decided that new 
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electrodes should be suspended through holes in the top of 
the cell. Electrodes vrere cut from 16 gage nickel sheet. 
They vrexe 2 inches hy 2 inches with a inch "by 2 inch exten­
sion protruding from the top of each. This extension iras 
brought out through holes cut in the top of the cell and passed 
through a wooden holder which sup-oorted then. Power was also 
brought in by means of these extensions. 
Tests TTexe made at current densities of 75 a.nd 150 ainperes 
per sauare foot, the electrodes being 0,5 inches apart. All 
tests were carried out at elevated teraperatvires near 100-105 
degrees Centigrade on solutions containing 50 percent sodium 
hydroxide and saturated ^ ith salt. 
2. Results and conclusions 
It was found that the anode ^ as sloi^ ly attacked and shoi/red 
a loss in -sreight. The cathode exhibited a slow gain in weight. 
A black film was found to form on the cathode, which apparent­
ly was due to scxne plating out of the nickel dissolved off 
the anode and the cell body. It was observed that the rate 
of attack on the anode was not a function of the current den­
sity. An average of the various teste showed an anode loss 
of 0.00004 grams per square inch per hour. This corresponds 
to a corrosion rate of 0.0024 inches per year. This rate of 
corrosion is not excessive. 
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J. Pilot Plant Studies 
Studies on the parallel electrode monel metal cell in­
dicated tliat tlie process could "be operated in a continuous 
manner to produce a 50 percent product, and tliat tlie pa,rallel 
electrode cell design v?as practical. Ho-srever, the cell was 
of such a small size that one ^ ould not be justified in using 
the data to design a full scale plant. It ^ as deemed desir­
able to construct a medium-sized cell in which the operation 
of the process could be studied on a larger scale, and from 
which data could be obtained for the design of a plant-size 
cell. 
1, A-pparatus 
Basically the pilot plant cell •^ a^s very similar in de­
sign to the parallel electrode monel metal cell. The cell 
body was constructed of 13 gage monel metal and had the 
same t3rpe of sloping bottom to facilitate salt removal. A 
large cell would have a multiple number of alternate anodes 
and cathodes. Since the pilot plant cell ^ as to be a small 
section of a large cell, three electrodes were used, one anode 
and two cathodes. The cathodes were connected in parallel 
so that each carried half of the current. A nylon cloth 
dia.phragm was placed between each cathode and the anode so 
as to form separate anode and cathode compartments. The 
Sylon material was chosen in preference to Tinyon-N because 
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of the difference in cost. However, the nylon disintegrated 
after about 3 months of use, so it T^ as replaced by the more 
desirable Vinyon-IT. Similar to the diaphragni of the small 
Eonel metal cell, the diaphragra of this cell i^ as placed 
against the diaphragm frame and was held in place by the dia­
phragm holder. The diaphragm holder T?as held against the 
diaphragm frame by means of monel metal scre?Ts. Both the 
frames and the holders Here made of 16 gags raonel met?!. The 
diaphragm frames isrere welded to the top and sides of the cell 
so as to provide a gas-tight cell. The electrodes ^ ere made 
of 16 gage niclcel. They iiTere 12 inches square with t-sro 1-? 
inch by 5 inch projections extending from the top of each. 
These projections passed out holes in the top of the cell and 
served as the electrical leads. A hole ^ as cut in the lead-
in section and a Balcelite plug was inserted into the hole. 
This plug rested on the top of the cell and supported the 
electrode. It "eras necessary to insulate the electrode lead-in 
from the cell too. Polyethylene was first used, but this 
•?7as found to be unsatisfactory due to its cold flow character­
istics. This -^ vas later replaced by a rubber packing, T7hich 
'^ ras then sealed isrith a weatherstrip adhesive. To prevent 
movement of the electrodes inside the cell, the electrodes 
-were held in place by Teflon" (spacsrs. These spacers -^ exe 
threaded onto monel metal rods welded to the inside of the 
cell body. The two sides of the cell were removable. They 
polymer of tetrafluoro ethylene 
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Tirere separated from tlie cell body by a l/S incn rubber gasket 
and "t^ ere held in place by C clamps. An l/8 inch inside dia­
meter Eoiiel metal tube served as the product outlet. It -sras 
connected to the bottom of each of the cathode cojspartments. 
The liquid level in the cell was controlled by the height of 
this tube. Ta prevent syphoning, it was necessary to provide 
a vent in the highest point of the tube. Feed T?ras introduced 
into the sloping bottom of the cell so that the salt could 
settle easily. Attached to the bottom outlet of the cell by 
thin rubber tubing -was a glass salt catcher. The rubber 
tube could be pinched off so that the salt catcher could be 
removed. Two complete turns of copper steam coils -were 
soldered around the cell; and then the cell was covered ??ith 
85 percent magnesia insulation. 
Figures 32 to 34 is a sequence of photographs talcen dur­
ing the construction of the cell. Figure 32 shows the dia­
phragm frames and the cell body -without the sloping bottoa. 
Figure 33 shows the cell after the addition of the sloping 
bottom and the anode, the center electrode. The feed inlet 
line, the unbent product outlet line, and the liquid level 
indicating tube are all visible. Figure 34 shoirs the cell 
after the diaphragm, the diaphragm holders, and the cathodes 
have been installed. A -yT-orlcing dra^ T^ing of the apparatus mil 
be found in the appendix. 
The gas volumes -were measured in wet test meters. Above 
the cell, the gases were passed through glass tubes 2 inches 
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Fig. 32. Cell Frs-ue. 
Fig. Z Z ,  .Cell Frame, Dia-
ptoagm, and 
Anode. 
Fig. 34. Cell Frame, Dia-
pliragin, Anode, 
and Cathodes. 
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Fig. 35. Pilot Plant Apparatus. 
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38, Pilot Plant Gell. 
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in diameter. Txiese served botli to remove any entrained 
caustic and water vapor and to cool the gases so that Dart 
of the Trater vapor was condensed. The ciirrent was measured 
by using a 50 anipere shimt and a. aillivoltTneter having a 
full scale reading of 50 mv.(corresponding to 500 amperes). 
Figure 35 is a photograph of the installed cell and the gas 
measuring apparatus. Figure 36 is a closeup viefr of the cell. 
2. Oontinuous concentration tests 
Work on the ssall monel irtetal cell had shoim that the 
continuous production of 50 percent ca,ustic from dilute 
caustic was practical. To bring it into equilibrium, the 
pilot plant cell was filled m-th a 50 percent caustic soda 
solution. During operation, the cell was fed mth a solu­
tion containing 134 grajns of sodium hydroside per liter and 
171 grains of sodium chloride per liter. 
During preliminary trials foaaiing was noticed in both 
the cathode and anode compartments. However, it T!?as found 
that this difficulty could be overcome by inserting a small 
amount of paraffin into each compartment. 
Another difficulty encountered -was that the livquid in 
the anode • corapartment rose to a higher level than that in 
the cathode compartment. The liquid level rose due to the 
ga.s bubbles formed in the liquid yrtien the power ^ as turned 
on. As the current density increased the amount of gas 
bubbles in the liquid increased, so the liquid level rose 
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Mglier at aigher current densities. Since twice as much, 
hydrogen as oxygen is evolved, it srould atspear that a cathode 
compartment should be tvsrice as large as an anode coiapartment. 
The cell 'ras so designed. In a large coramercial cell, there 
i7ould be an anode cospartn^ ent for each cathode coKipartiaent, 
since both faces of ea.ch electrode ^ ould be active (escept 
for the end electrodes). HoT7ever, the pilot plant cell was 
designed to be a section lifted out of the large unit. Three 
electrodes were used to determine the practicability of using 
multiple electrodes. This meant that there were two cathodes 
and only one anode. Therefore the combined volume of the 
cathode compartments was four times that of the anode compart­
ment volume, instead of the desired 2 to 1 ratio, "^ e^n one 
rea.lizes the limitation of the cell, the reason that the 
liquid level in the the anode compartment rose higher than 
that in the cathode compartment is obvious. The limiting 
factor was that both solution levels he-d to be abox'^ e the bot­
tom of the 3 inch diaphragm frame. , If not, gas could diffuse 
through the diaphragm. 
As a final test of both the practicability of the con­
tinuous process and of the cell design, a 30 hour continuous 
rum was undertaken. A current density of 37.5 amperes per 
square foot (175 amperes) and a temperature of 110® 0. was 
used. Since the height of the product outlet tube was set, 
the only control necessary was that of the feed rate. This 
rate was predetermined by material balances, assuming that 
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14 percent of the Tsrater removed -^ ould "be reraoved iiy evapora­
tion and entrainment. Feed was added continuously during the 
run a,t a rate of 85 ml. per hour. The product flowed inter­
mittently instead of continuously; but this caused no diffi­
culty, since the proper amount of product i^ as obtained over 
the raole 30 hour period. The reason for the intermittent 
floTT vr&s apparently the very slof? rate of flow, an average of 
15 ml, per hour. The product cooled near the end of the tube 
causing a great increase in viscosity. Salt also settled, 
out as the liquid cooled. Then to cause this liquid to flow 
it_v!8.s necessary for the liquid level in the cell to build 
up, e^n the head -was built up sufficiently, the product 
began to flow. However, as the hot material from the cell 
passed out the tube, the resistance lowered due to the lof^ er 
viscosity of the liquid. As a result, the product continued 
to flov? until this excess head in the cell •^ sras dissipated. 
The process then repeated itself. 
It T?7as iapractical to carry out the process ir. a coia-
pletely continuous manner as wuld be done in a comercial 
cell. The aarount of salt precipitated during the operation 
was small, so no continuous salt removal system was installed. 
Thus, most of the salt introduced in.the feed precipitated 
out and displaced liquid in the cell. This caused a greater 
volume of product than would/be obtained normally in com­
pletely continuous operation. The salt will not come out 
of the cell as dry solid salt. The settled salt in this ran 
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contained 27,4 percent salt, 33.3 percent sodiiss hydroxide, 
and 38.7 percent -prater. The liquor imediately ahove the 
salt had a sodius hydroxide concentration of 46.2 percent. 
The results of the test are sumrr^ arized in Tahle IX. 
It svill be noted that the amount of hydrogen produced per 
unit of energy T^ as 0.0402 pounds of hydrogen per kiloTratt 
hour, as compared to 0,0345 pounds of hydrogen.per kilowatt 
hour in run A -S on the small monel metal cell. This is an 
increase in poT^ er efficiency of a.bout 10 percent. This in­
crease in efficiency T^ as due both to the closer electrode 
placement and to the higher operating temperature. Both the 
hydrogen and osygen i^ urities T^ ere deterjuined 7?ith the special 
Or sat tube. The purities inrere both aboire 99 percent. It 
must be kept in sind thsit the asioxint of product produced in 
this run "^ ras greater than that which would be obtained in 
a comriletely continuous operation. The nost nccurate raethod 
for TDredicting the capacit3" of a unit ie the use of a vrater 
balance. 
The 30 hour test successfully sho-^ red that "both the cell 
and the process ^ ere practic8.1 from an operationa.1 stand-ooint. 
To obtB,in complete data for an p.ctual plant design, it Trould 
be desirable to build and operate a connercial ai^ e cell, 
r^os this cell such information the amount of entrainment, 
steam require-nents, rnd the consistency of the salt slurry 
could be accurately determined. 
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Table IX 
Results of tlie 30 Hour Test on the Pilot Plant Cell 
Cell Ternperat-ure 
Current 
Average voltage 
Feed concentration 
Product concentration (cooled and settled) 
Total ?jtT5ount of feed 
Total product (including settled salt) 
Total product (less settled salt) 
G-rains insoluble IlaCl in the product per 
gram of HaOH in the product 
Cubic feet hydrogen produced (l attii,, 0° C. 
Hydrogen purity 
Osygen purity 
Total power consumed 
Pounds hydrogen produced per kilowatt hour 
Current efficiency 
110° C. 
175 amperes 
2,05 volts 
134 gm. HaOH/L. 
171 gKi. HaCl/l;. 
760 gm. ITaOH/L. 
(49.5fa NaOH) 
3250 gra. 
(2659 ml.) 
975.6 ga. 
946.1 gm. 
0.063 
) 74.50 
99.3 fa 
99.4 € 
10.71 K77hr. 
0.0402 
99.2 4 
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3. OonductiTity test 
A conductivity test was carried out to determine the 
effect of current density and temperature on the voltage in 
the nilot plant cell. The procedure ^ b.3 similar to that 
used in previous conductivity tests. A gra-ohical represen­
tation of the results is shown in figure 37. A similar test 
was conducted after the Tinyon-IT diapbrai^  had "been installed. 
It Tras found that changing the dia-ohragm material had no 
effect on the voltage. The voltages observed in this test 
were higher the„n those observed under the saine conditions in 
the small conductivity cell. This was to be expected, since 
the pilot plaint cell electrodes had a depth of IS inches 
compared to a 2 inch depth in the conductivity cell. As the 
electrode depth is increased, the total amount of gas passing 
a given point near the top of the electrode increases. 
Obviously, an increase in the amount of .gas in the liquid 
would increase the resistance of the liquid. 
4. IToisture and caustic loss tests 
It had been observed in previous tests that a consider­
able amount of moisture and caustic soda was carried over 
with the gases. Both of these quantities are of importance 
since any caustic ca.rried over should be recovered; and the 
remova-l of moisture reduces the p^ mount of water that must 
be decomposed to hydrogen and oxygen. A number of tests were 
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Fig. 37. CoTxela-fcion of Yoltage with Current 
Density in the Pilot Plant Cell. 
114 
"undextalcen to find the effect of temperature and current den­
sity on the amount of moisture and caustic carried over ^ th 
the gases T^ hen operating Trilth a 50 percent caustic solution. 
The moisture trap tubes above the cell 7?ere removed, ajid 
the gases were led directly to the moisture a,nd caustic col­
lection appa.ratus. The caustic entrainment -w&s determined 
by bubbling the gas through a measured volume of sta.ndard 
acid. The gas volume iras measured in a i^ et test meter. The 
excess acid titrated and the amount of sodium hydroxide 
collected was calculated. The moisture content of the gas 
a^s determined by passing the gas tnrough two drying tubes 
in series, the first containing silica gel, and the second 
anhydrone. The gas was collected in a calibrated tank, over 
water, and its volume was measured. 
Ho definite correlation was practical for the amount of 
caustic carried over. The values varied quite widely. It 
was aiDToarent that the amount of caustic entrainment is greatly 
dependent upon the liquid level in the cell. The conditions 
used in the various moistirre and caustic tests varied so 
widely that.it was irapossible to maintain a constant level 
in the cell. It appeared that, when the liquid level was 
near the top of the cell, considerably more caustic was 
carried over then when the liquid level was lower. This 
indicated that some sort of baffling system was needed to 
stop the entrainment. As was expected, more caustic was 
carried over at higher current densities. The amount of 
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caustic carry-over varied from 1.2 to 22 grarns of sodium 
hydroxide per pound mol of dry gas. 
The data on the amount of -crater in the gas exhibited 
some very definite trends. The results of the tests are tabiti-
lated in Table X, The amount of water in the gas is expressed 
as the pounds of water in the gas per pound of total -water 
removed from the cell (both as hydrogen and oxygen and as 
water vapor). It -frill be noted that, for any temperature. 
Table X. 
Results of Moisture Loss Tests on the Pilot Plant Cell 
Temperature Current Densi-ty lb. HpO in gas 
"®C. amperes per sq. ft. lb. H3O decomposed 
plus lb. HgO in gas 
90 50 0.071 
90 76 0.083 
90 91 0.095 
"'100 5a 0.093 
100 76 0.113 
ICQ 91 0.133 
100 150 0.169 
110 50- 0.131 
110 76 0.140 
110 90 0.175 
110 150 0.204 
the amount of moisture in the gas increased ^ ith the current 
density. Since an increase in current densi-ty corresponds 
to an increase in gas velocity, it is logical to assxime that 
some of this increase in moisture content -sras due to entrain-
ment. At a constant- current density it was observed that the 
amount of moisture in the gas increased almost linearly -with 
116 
temperature. This too ^ as to "be expected, due to the increase 
in vapor pressure with tenperature. Calculations, based on 
the International Critical Table values for the vapor pres­
sure of a 50 percent sodium hydroxide solution, show that a.t 
saturation the pounds of •crater in the gas per pound of wet 
gas (hydrogen, o:^ :ygen, and ?rater vapor) for various tempera­
tures are as follows: 90® C,, 0.1S4; 100® C., 0.197; a.nd 110® C. 
0.327. Thus it can be seen that the gases passing from the 
cell v/ere not saturated. 
The actual amount of moisture in the gas iffill depend to 
a large extent. "upon the liquid level in the cell and the gas 
rerr^ oval system. It is not believed that the moisture values 
reported herewith would be directly applicable to a full 
sise plant cell, but they do indicate the range in virhich the 
values may be expected to fall. 
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lY. SCOHOMIC SVALUATIOM OF THE PROCUSS 
From an engineering standpoint tlie study of a process 
is not complete until it has been evaluated economically. 
Therefore, the possible commercial utilization of this new 
process has been studied, 
A. Proposed Design of a Commercial Size Cell 
1. A-p-paratus 
The design of the commercial cell is based largely on 
the pilot plant cell. Instead of the 3 electrodes found in 
the pilot plant cell, the commercial cell has S3 electrodes, 
placed as alterna.te cathodes and anodes. The anodes are all 
connected in parallel; and the cathodes are all connected 
in parallel. An electrode distance of 0.50 inches, the same 
as in the pilot plant cell, is used. The electrodes are 
separated by diaphragms, held in place by diaphragm frames 
and holders, similar to those in the pilot plant cell. How­
ever, to prevent ga,s leakage between the compartments due to 
a low liquid le-^ el, the top weit of the diaphragm frame has 
been increased from 5 inches to 5 inches. Yinyon-IT filter 
cloth is recommended as a diaphragm material, although a 
finely woven asbestos cloth free of cotton should give satis­
factory results. The electrode depth has an effect on the 
cell voltage so the same electrode depth as that of the pilot 
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plant cell, 12 inclies, is 1236(5. RoweYer, the width of each 
electrode is quadrtipled. The added Tsridth shoiild have no 
effect on the cell voltage. Thus, with the electrodes at 
the same electrode distance and with the same electrode 
depth as in the pilot plant cell, the voltage in the tv7o cells 
should be the sajne for the same temperature, current density, 
and solution concentration. An over-all sketch of the pro­
posed commercial cell is sho'^ ra in Figure 38. Details of the 
electrodes and diaphragm frame and holder are sho^  in 
Figure 39. Figure 40 shows a full scale vertical section 
illustrating the relative position of the electrodes, dia-
phragjns, etc. The bottom of the cell is of a pyrajnid shape 
to aid the salt settling. The slurry from the bottom of the 
cell can be removed continuously by a solids handling pump. 
The salt can be removed from this slurry in a continuous 
centrifuge. The filtrate could be mixed ^ ith feed to the 
cell; or.if its concentration is high enough, it can be 
marketed. It is impossible to predict accurately from data 
from the pilot rylant cell the composition of the slurry from 
the commercial cell and the concentration of the filtrate. 
The -oroduct is removed through a manifold connecting a.11 the 
c8.thode compartments and through a tube rising from this 
manifold. The electrodes are supported by insulating plastic 
pegs, set through holes in the electrode lead-in section, 
and bearing on the top of the cell. Inside the cell the 
electrodes are held in place by plastic spacers. These 
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spacers are threaded onto raetal rods Thich protrude from the 
inside of the cell hody. The spacers could "be made of Teflon 
of of a less expensi^ '^ e !naterial sprayed ^ rith a coating of 
Teflon. The entire cell is "built of monel metal, except the 
electrodes ^ hich are nickel. 
3. Post estimate for the commercial cell. 
In order to estimate the cost of a plant utilising this 
process, it ^ a^s necessary to estimate the construction cost 
of a cell. It '^ as assumed that the cell i^ ould be constructed 
by the company using them. If this is not the case, ?,n 
additional figure for contractors rsrofit must be added. The 
cost of the monel metal a.nd nic!-:el sheets r^ as obtained from 
a quotation from Steel Sales Corporation of Ghicago da.ted 
Hay 1949. It -vras asstimed that Vinyon-H would be used ?s the 
diaphragm material. The T, Shriirer and Companj/ of Harrison, 
H, J., has estimated that this material •should cost |6.00 
per souare yard. The time required for cutting and -^ relding 
was estimated according to the method recommended "by How (8). 
The summe,ry of the cost estimate mil be found in Table XI. 
It is estimated that each cell ^ rill cost approximately ?'2650. 
C, Preconstruction Cost li3stimate 
The final criterion for determining the usefulness of 
the process is the study of the economics on a commercial. 
A cost estimate has been prepared for a plant utilizing the 
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Table XI 
Cost 'Sstimate for the CoTnmeTcial Size Concentration Cell 
Item Amornit Unit Total 
Required Price 
2=Iaterials ~ 
15 gage monel metal sheet for 387 ft~ §0,52/lb, 566.00 
die.phragm frames a.nd holders (1090 lb.) -
13 gage nionel metal sheet for 52 ft^  f-0.52/ro. 116.40 
t^  cell body (234 lb.) - - • 
16 gage nickel sheet for elec- 370"~ft'^ " $0.S3/ro. 670,00 
trcdes (1063 lb.) 
1/4—inch monel metal pipe 15 ft. '^O.SO/ft. 7,50 
3/16 inch monel metal tubini-^  6 ft. 4,00 
3 inch monel metal tubing 7'r ft. 9;00 
4 inch monel metal tubing 7-7 •#t. 12;00 
Monel metal scre-^s 25.6 gross^2.00/gr. 51i30 
•^ elding rod 11-|- lb, ;50;75/ro. 8.60 
Yinyon-M filter cloth 25 sq. yd.t6.00/yd.^ 150.00 
Rubber and tar insula.tion 5.00 
Teflon spa.cers 25i00 
Pump for salt removal 50; 00 
Contingencies on ma-terials of materials) 133.00 
Total Materials S1807.70 
Labor 
Cutting lOS hr. ?'^ 1.50/}ir. 162;00 
Drilling a.nd tapping 50.00 
••lelding 85 hr, i .^.75/hr. 149,00 
Assembly 100 hr. !!"0..50/hr. 150;00 
Contingencies on la-bor (ISfs of la,bor) 77,00 
Total Labor $ 588,00 
Shop overhead (40/^  of labor) 236,00 
Total cell cost $2631.70 
Sstima,ted cell cost used in cost accounting 2^650.00 
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proposed electrolytic concentration process. The proposed 
plant has a capacity of 50 tons per day of caustic soda pro­
duced as a 50 percent solution. 
1, FlcTTsheet 
The process is similar to the conventional electrolytic 
caustic soda process except that the electrolytic concentra­
tion process is substituted for the evaporation process. The 
first step in the process is the preparation and "ourification 
of the "brine. Calcium is precipitated hj"- the addition of 
soda ash; and magnesiian is -orecipitated "by the residual 
caustic soda in the rec^ '^ cle salt. The purified brine is 
heated and then contacted with solid salt to resaturate the 
solution. The hot brine is fed to the chlorine-caustic cells; 
as for exam-ole, a Hoolcer T3rDe-S cell. The brine is partially 
decomposed forming chlorine, hydrogen, and a liquid effluent 
containing about 11 percent sodium hydroxide and 15 percent 
sodiura chloride. The chlorine is collected, cooled, dried, 
compressed, and liquified. The hot solution from the chlorine-
caustic cell is fed continuously to the electrolytic concen­
tration cells with TThich this paper is concerned. From them, 
a product containing about 50 percent caustic soda is removed 
continuously. This product is cooled, and the salt is settled 
out, before it is pumped to final storage. The product con­
tains about one percent salt and a small amo'unt of sodium 
chlorate. If desired, these impurities can be removed by any 
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of the commercially a.vailable caustic purification treatments. 
A slurry of salt is removed from the bottom of the,concentra­
tion cell and is pumped to a continuous centrifuge. The 
caustic liquor, which has a concentration of about 45 percent, 
is returned to the cell for further concentration. The salt 
is treated with purified recycle brine to dissolve the sodim 
sulfate, thus preventing its concentration in the brine from 
building up. This treated solid salt is redissolved and used 
again in the -orocess. The hydrogen and osygen from the con­
centration cells are collected and stored for use. A pic­
torial flo"wsheet of the process is shoTOi in Figure 41. 
2, Plant investment costs 
A reasonably accurate investment cost estimate can be 
prepared by using as a basis the known investment cost for a 
conventional electrol3rtic chlorine-caustic plant. 
HacMullin (11) has prepared a plant investment for a chlorine-
caustic plant which produces 50 tons of chlorine per day a,nd 
56.3 tons of sodium h3''droride T5Sr day as a 50 percent solu­
tion. His estimate for this plant is shoTm in Table XII. 
The prices in this estiraate are for 1947. To convert these 
prices to a 1950 level, use can be made of the Marshall and 
Stevens Indexes of Comparative Icuipment Costs. In 1947 
the index for equipment costs for chemical industries i?as 
151.1 (9). The index for December 1949 was 163.3 (13). This 
is an increase of 7.8 percent from 1947 to December 1949. 
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Table XII 
iTivestmenu Cost "Sstimate for a Conventional Electrolytic 
Chlorine-Caustic Soda Fl^ t Trliich produces 50 tons of 
Clalorine per Day and 56.3 tons of Caustic Soda per Day 
as a 50 percent Solution.^ " 
Brine Handling equipment  ^135,000 
Cell room including cells, copper, misc. 750,000 
equip., cell renewal equip., aid bldg. 
Caustic evaporation including storage and 695,000 
sMpping 
Steam and water systems (assuming purciiased 200,000 
power) 
Mercury arc rectfier including building 360,000 
Aannonia caustic purification process equip, 220,000 
Chlorine cooling, drying, liquifaotion, and 380,000 
storage equipment 
OMorine tank cars, 30 T. oars, 18 cars for 137,000 
3 week return 
Caustic tank cars, 10,000 gal. cars, 21 cars 99,000 
for 3 week return 
General plant, includes offices, labs, employee 300,000 
services", shops, utility distribution, fire 
protection, land, and yard improvements. _ 
Total less power plant 3^,276,000 
Power plant 950,000 
Less steam and water systems included -200,000 
above _ 
Total investment including power plant $4,026,000 
-^Table reproduced from MacMullin, R. 3. Diaphragm 
vs. amalgam ceils for chlorine-caustic production, 
Chem. Ind. 61:41-50. 1947. 
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To obtain an investment value for the proposed plant, 
the follomng items -jrere first subtracted froia MacMullin's 
estimate; fl) caustic evaxsoration systes, S600,000; (2) mer­
cury arc rectifiers, -^ 360,000; (3) arisonia purification 
system, §320,000j and (4) power plant, -$750,000. This leaves 
a total of tS,096,000. Adding 7.8 percent to bring the 
cost up to a December 1949 level the total is -'^ 52,259,000. 
Ho-i!irever, this figure is for a plant producing 5?^ .3 tons of 
caustic soda per day, -jrhile the plant under consideration 
will produce only 50 tons of caustic soda per day. This dif­
ference in capacity mil not affect the cost of the equipment 
much except in the case of the chlorine-caustic cell room. 
The cost of the cell room should be about .^ 7^5,000 less than 
that of the larger plant. This gives a total of §2,184,000. 
To this total, the investment cost of those additional items 
needed in the electrolytic concentration process must be 
added. Table XIII lists these items for a plant operating 
•jTith a concentration cell current density of 150 amperes per 
square foot. As will be noted, this amounts to a total fixed 
catiital investment of §4,975,000. Similar investment costs 
for the plant using different concentration cell current den­
sities were sirdlarly determined and are sho"^  in Table XIY. 
IJote that the investment increases as the current density 
decreases, due to the larger number of cells required at a, 
lower current density. 
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Table XIII 
Investment dost ISsti^ aate for a Plant to Produce 50 
Tons per Day of Caustic Soda as a 50 percent Solu­
tion Utilizing the Electrolytic Concentration 
Process. 
Items conaion to botli the electrolytic and the Ss,184,000 
eva.poration concentration processes 
Electrolytic concentration cells-
Cell room building and equipment 
Continuous centrifuge 
Hydrogen S2id oxygen storage 
Oxygen compression equipment 
Total less rectifica.tion equipment 
Rectifier^  
Total fixed capital 
A^t a current density of 150 amperes per square foot. 
"Estirsated by the ^ estinghouse Corp. 
1,246,000 
140,000 
25,000 
230,000 
10,000 
53,835,000 
1,140,000 
F'3,975,000 
Table XIV 
Effect of the Conoentration Cell Current Density 
on the Fixed Capital Inveatraent 
Current Density, ataperes per square foot 
150 120 90 75 
Plant investment leas oonoen- 5B9,000 |5,589,000 !|3,589,000 |3,589,000 
tratioxi oells and oell bldg. 
Number of concentration oells^  470 600 815 1,018 
Cost of Concentration Cella 1,246,000 1,590,000 8,160,000 2,700,000 
Cost of concentration oell 140,000 170,000 210,000 250,000 
building and equipment 
Total fixed capital invostment t4»975,000 $5,349,000 ;|t5,959>000 539,000 
®\Vhen operating et 110C. 
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3, Production cost estimate 
Production cost estimated have been prepared for the pro­
posed plant for various concentration cell current densities. 
It \7as noted previously that the plant investment is greatest 
for the lovrest ctrrrent density. Ho-rever, it is also Icnovm 
that the power requirements for the lo^  current densities 
are lower; so a co2it)lete- analysis was made to study the 
relative effect in each case. 
farious cell operating conditions and production capaci­
ties, corresponding to concentration cell current densities 
of 150, 120, 90, and 75 amperes per square foot, are sho^ m 
in Table The cells were assumed to operate at 110° 0. in 
each case. In order to calculate the number of cells re­
quired and their production capacity, it ^ as necessary to 
estimate the Pino"uiit of wa-ter evaporated in the cell. This 
was estimated from data obtained from the pilot plant cell. 
The percent of ?:ater removed from the cell as -Jvater vapor 
(the remaining pa.rt being removed as hydrogen and oxygen) 
•:;7as taken to be as follows: 150 pjaperes per square foot, 
20.5 percent; 120 am-neres per square foot, IP.O percent; 90 
amperes per square foot, 17.5 percent; and 75 amperes per 
square foot, 14,0 percent. 
A summary of the estimated labor requirements for the 
plant is shoTO in Table XUl. The T)l?;iit is to operate 34 
hours per day, 7 days a week, excent for the salt handling 
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Table rST 
Effect of the Ooncentration Cell Current Density 
on the Cell Operating Conditions 
and the Plant Production CapacitsrS-
Current Density, ainperes/sq, ft. 
150 iio 90 75 
Cell ToltageO ?.30 2.13 2.05 J..GO 
Araperes per cell 52,800 42,200 .'^ 1^ 600 2B,400 
Po^ er required per cell,KT^ r. 121.5 92,0 64.8 52.8 
Tons Op produced per day 195 198.6 202 210 
in the total plant . _ 
Tons Hp produced per day 25.75 26.15 26,75 27,65 
in botn the Hooker and the 
Concentration cells _ _ 
Tons HgO evaporated per day 56.6 53.5 48,2 38.7 
in the "Concentration cells 
Power requirements for the 57,000 55,200 52,800 53,800 
Concentration cells, Ejt. _ „ _ 
Power requirements for the 4,800 4,600 4,600 4,600 
Hoolcer cells, 
Estinp,ted T)Ower require— 700 700 700 700 
raents for plant equip. ITw. _ _ 
Total plant po'wer 62,300 60,500 58,100 59,100 
renuirements 
®-Plant capacity, 50 tons of sodiuia hydroxide per day as a 50 
percent solution 
C^ell operating teTiperature, 110® C. 
133 
Table XTI 
Plant Labor Requiremsnts 
Position Ken 
per 
shift 
Shifts 
per 
week 
''•Tages 
per hr, 
Cost per 
. year 
Operating Labor 
Salt purification operator 3 2.8 $1.50 S 8,740 
Salt purification helper 2 2.8 1.10 6,420 
Eooker cell operator 1 4.2 1.50 13,100 
Hooker cell repairman 1 1.0 1.50 3,120 
Hooker cell repairmnn helper 1 1,0 1.30 2,700 
Concentration cell operator 1 4.2 1.50 13,100 
Concentration cell helper 1 4.2 1.30 11,350 
Caustic handling operators 2 8.2 1.50 26,200 
Chlorine section operator 1 4.2 1,50 13,100 
Oxygen compressor operator 1 4^ 7? 1.50 13,100 
General operating helpers 3 12.6 1.10 28,800 
Shift foreman 1 4.2 1.90 16,600 
Total operating labor #156,330 
General Plant Labor®" 
Steam plant engineer 1 4.2 1.50 13,100 
Chemi st 1 1.0 3,000 
Secretary 2,000 
Bookkeeper 2,700 
i^ipping clerk 2,400 
Total general plant labor S2S,200 
SuperTTision 
Plant superintendent 
Total arsiual labor cost 
6,030 
s^ l85,560 
%!aintenance labor is included "under maintenance in 
the production cost estimate. 
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and purification system. The latter section "srill operate 
only one sliift per day, 7 days per week. 
It T?as fo-jnd by an energy balance over the conEnercial 
cell that no steam would be needed to lieat the cells. Even 
if the cells are uninsulated, there ^ Till be sufficient heat 
from the electrical energy supplied to maintain the cell 
teniperature. 
A production cost estira?te for the four current densities 
is sho?m in Table -C7II. A poorer cost of 3 mills per kilowatt 
hour ^ as ass'jsned in each case. Gross income statements 
for these conditions are shown in Table TTIll. Current 
market prices -^ e^re used for the caustic soda, chlorine, and 
cylinder oxygen. An apt?roxiTr-ate ma-rket price of 50 cents 
per thousand cubic feet (1 atm., 80° F.) was assmed for 
hydrogen (17). In order to compete ^ th the price of ton­
nage osygen, the vs^ lue of the uncompressed oxygen vras set 
at '^ S^.OO per ton. 
An estimate of the working capital requirements for 
the plant is shown in Table XIX. Since this was obtained 
by ap'oroximations, it was assumed to be the same for the 
four different current densities under consideration. 
Table X?! contains a.n estima-te of the income, hotal 
investment required (including working capital), and the 
return on the investment. A state income tax of 5 percent 
has been assumed. It mil be noted that a return of 10.8 
percent can be realized when the concentration cells are 
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J Table X7II -
Production Cost Estimate 
Concentration 
150 pnroeres tdrt sn. ft. 
;Cel 
120 
Item 
Unit 
Unit Cost 
'f.'* 
Quantity Cost Cost • . 
per year $ / yr. $/TX' 
• 
Qua 
pel 
Raw Materials 
Salt 
Soda asb 
HCl, 35fa 
H2SO4, dSfs 
Total Materials 
Direct Conversion "Expense 
Labor 
Supervision 
Payroll charges 
Steam 
Electricity 
Water 
Repairs and maintenance 
• Royalty on Hooker Cells 
Laboratory expense 
Plant and office 
supplies 
Total Direct Conversion 
Sroense 
Indirect Conversion Expense 
Depreciation of macMnery 
and buildings 
Itepreciation of rectifier 
Taxes 
Insurance 
Total Indirect Conversion 
Expense 
Total Production Cost 
Ton 3.00 
Ton 21.00 
Ton 22.00 
Ton 20.00 
27,800 
82 > 
345; 
§83,300 
8,700 
1,800 
S,SOO 
$4,82 
.51 
.10 
,40. 
27 t ' 
h t 
V 
1100,700 
1000 lb. 
Kwbr. 
1000 gal. 
a 
.35 
.003 
.04 
ID 
34,50Q 
516x10*= 
43,1 00 
1^79,530 
6,030 
34,400 
12,100 
1,548,000 
1,720 
247,000 
21,800 
5,000 
10,000 
^^ 10.75 
.35 1.42 
.70 89.50 
.10 14.sr 
1.26 
.29 
.58 
U34 500 43 
I #2,061,580 1119.SS 
Pwate - 9 ^  per yeaaf $340,000 |19,7Q 
Rate - 5 ^  per year 57,000 3^ 30 
2 ^  of inve'straent ' 99,500 5.77 
0.2 4 of investment 9,500 /58 
.1506,000 J?29.35 
j 
#2,668,280 #154.44 
I 
If 
II, 
z. : 
Calculated as 12 percent of labor cost 
C^alculated as 5 percent of the investment cost 
1 

mi 
St Estimate 
ncentration 
"ft. 
[Cell Gurrent Density 
ll20 am-peres "oer so, ft. 
Cost 
yr. s?/ i- ; 
I^ OH- • 
•Quantity 
per year 
Cost 
I / yr. 
Cost 
g/T 
IfaOH 
90 anroeres "per so. ft. > 75 T>e 
Quantity Cost 
per year / yr. 
Cost iC^ ntity 
#/T : fcer year |/ 
ITaOH 
300 
700 
800 
900 
TO 
530 
030 
400 
100 
000 
720 
000 
800 
000 
000 
$4,82 37,800 
414 
82 
345 
^^ 10.75 
.35 
1.42 
.70 
89.50 
.10 
14.,3r 
1.26 
.29 
.58 
"OT I119.2S 
000 §19.70 
000 
500 
500 
3.30 
5.77 
,58 
Wo S29.35 
280 #154.44 
rt83,3Q0 
8,700 
1,800 
",900 
#4.82 
.51 
.10 
.40 
1^00,700 f5.83 
h34,500 
feooxio^  
i 43,100 
sf. 
If: 
•:h- • 
l:rr 
$175,530 
6,030 
24,400 
12,100 
1,500,000 
"1,720 
267,000 
21,800 
5,000 
10,000 
12,033,580 ^ 17.90 
352,000 20.40 
57,000 3.30 
107,000 6,^  
10,700 ,62 
#526,700 $30,52 
i2,660,980 #154.24 
27,800 
414 
82 
345 
s l^O.75 
.35 
1.42 
.70 
87.00 
.10 
15,45-
1.2S 
.29 
.•58 
34,500 
480x10® 
43,100 
#83,300 
8,700 
T,800 
6,900 
§.'100,700 
fil 79,530 
6,030 
24,400 
12,100 
1,440,000 
1,720 
298,000 
21,800 
5,000 
10,000 
"^4.82 27,800 
.51 I 414 
.10 I 82 
.40 {| 345 
$5.83 I 
SI-
'h' 
$10.75 II 
,3&| 
1.42 I-
.70 f 34,500 
83.70 MBSxlO® 
.10 I 43,100 
17.22r i 
1.26 v; 
.29 f 
.58 
$2,004,580 1116.37 
406,000 
57,000 
119,300 
11,930 
23^50 I 3,30 I 
6,^ 2 1 
.6t- ' 
1:594,230 IMTil, ' 
§2,699,510 $156.61 
HP 

li: Density 
3 -per sg. ft. 90 anroeres vex so. ft. :> 75 ft.. 
Cost 
# / yr. 
Cost 
g/T 
HaOH 
Quantity 
per year 
Cost 
# / yr. 
Cost 
#/T : 
KaOH' 
iQxiantity 
e^r year 
}, 
Cost 
$ / yr. 
Cost 
#/T 
TJPOH 
t83,"300 #4.82 27,800 #83,300 !^ 4.82 i 1 27,800 $83,300 $4.82 
8,700 .51 414 8,700 .51 8,700 .51 
1,800 .10 82 T,800 .10 1 82 X,800 .10 
",900 ,40 345 6,900 .40 I 345 
1 
6,900 . ,40 
1^00,700 5^.83 fjl00,700 .?5,83 m 1^00,700 15.83 
?'l 7^ ,530 vflO.75 tl7^ ,530 $10.75 
6,030 .35 6,030 .35 
24,400 1^ 42 24,400 1.42 
12,100 .70 34,500 12,100 .70 
,500,000 87.00 480x10® 1,440,000 83.70 
"1,720 .10 43,100 1,720 .10 
267,000 15.45 298,000 17.22 
21,800- 1.2S 21,800 1.26 
5,000 .29 5,000 .29 
10,000 .58 10,000 .58 
I 34,500 
%88xl0® 
I 43,100 
)' 
1 
1^79,530 #10,75 
6,030 .35 
34,400 1.42 
12,100 .70 
1,470,000 85.20 
1,720 .10 
327,000 18,98" 
21,800 1.26 
5,000 .29 
10,000 .58 
,033,580 jRl7.90 13,004,580 ??116.37 
1 
. ;l 
13,063,580 0119.63 
352,000 
57,000 
107,000 
10,700 
20,40 
3,30 
6.20 
,62 
406,000 
57,000 
119,300 
11,930 
2 3 i 5 o l  
3,30 I 
6.sr2 h 
.5|- ' 
• - J" " 
.^ 458,000 $26:60 
57,000 3.30 
131,000 7.58-
13,100 ,76 
?526,700 #30.52 1594,230 134.43L i • ::^ 359,100 S38.24 
,660,980 1154.24 f2,699,510 ^ 56.^  $3,823,380 #163.70 

Table XVIII 
Gross Income Statement 
Ourrent Density Current Density 
150 amperes/aq. ft. 120 omperes/sq.ft • 
Item Quantity Income Income quantity Income Income 
T/yr. #/yr. I/Ton T/yr. ¥/yi^ . I/Ton 
of NaOH of NaOH 
50 io Gaustio 24 34,500 829', 000 48.00 34,500 829,000 48.60 
Oilorine 48 14,850 712,000 41.30 14,850 712,000 41.30 
Hydrogen 199 8,870 1,678,000 97.00 9,020 1,704,000 98.30 
Cylinder o?:ygen 100 1,522 152,000 0.32 1,522 152,000 0.62 
Uncompressed 8 66,200 529,000 30.70 57,100 b36,000 31.10 
oxygen 
Total $3,900,000 #225.82 #3,933,000 $228.08 
Ourrent Density Ourrent Density 
90 amperes/sq,ft, 75 amperes/sq.ft. 
50 io Gaustio 24 34,500 8S9,000 48.00 34,500 829,000 48.00 
Chlorine 48 14,850 712,000 41,SO 14,850 712,000 41.30 
Hydrogen 199 9,230 1,745,000 101.00 9,550 1,©08,000 104.70 
Cylinder oxygen 100 1,522 152,000 8.82 1,522 lu2,000 8.82 
Unoompreaaed 8 68,100 544,000 31.55 70,900 567,000 32.90 
oxygen * 
Total $3,982,"0^  |230T6^  $4,068,000 |235.72 
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Table XIX 
Working Capital "SstiEiate 
Haw Material Storage 
Salt 14 day supply, 1125 T © $3/t S3,370 
Siilfiiric acid 1 mo. supply, 28.8 T © jp20/T 575 
Soda a.sh 1 mo. supply, T © ft2l/T 725 
Hydrochloric acid 1 mo. supply, T;.8 T © 2^2/T 150 
Total raw materials (?4,810 
In-Drocess Materials 
Salt 160 T, © |3/T " 480 
50^  NaOH in concentration cells, 654 T. © §17®- 11,100 
Total in-process materials f?ll,580 
Finislied Goods Inventory®-
Oylinder oxygen 1 T^ eek 2,150 
Clilorine 1 week 9,580 
50 fa caustic 1 week 11,180 
Total finished goods inventory ??22,910 
Miscellaneous items 
Customer credit, 1 mo. value of products^ " 223,000 
Operating expenses, 1 mo. materials and direct 180,000 
conYersion expense 
Total miscellaneous items S402,COO 
Total Working Capital $440,000 
•^Cost of product assumed to "be 70 percent of tlie sales price. 
9 
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Table XX 
Statement of Uet txicome and Percent Return 
Current Density 
150 amperes/sq.ft. 120 amperes/sQ.ft, 
Item /^yr. S/T. I'laOE $/yr. S/T. NaOH 
Gross income $3,900,000 S225.83 $3,933,000 ?22S.02 
Production cost 2,663,230 154.44 2,660,980 154.24 
Gross profit .^ '1,231,720 S 71.38 ?^ 1,272,020 r? 73.78 
Sales, researcli, and 195,000 11.28 196,500 11.40 
ad.'n, expenses- ' — -
Net "Drofit "before $1,036,720 ? 60.10 5^1,075,520 S 62.38 
taxes • 
Income tax° 445,000 25.85 462,000 26.80 
let profit after $ 591,720 34. S 613,520 S 35.58 
taxes 
Total fixed and 5^,415,000 §5,789,000 
working capital — 
Percent return on 10.9 fo 10.6 fo 
the investment 
Current Density 
90 ampere s/sq.ft. 75- am-oeres/sq.ft. 
Gross income 3^,082,000 $P.3U,B7 $4,068,000 J?235.72 
Production cost 2,699,510 156.6i 2,823,380 163.70 
Gross Drofit 1^,382,490 74.08 tl,244,620  ^72.02 
Sales, research, and 199,000 11.52 203,000 11.75 
adTi. exoense®-
Net TDrofit "before $1,083,490 $ 62.54 $1,041,620 1 60.27 
ts,xes 
Income ta.x° 466,000 26.10 448,000 25.50 
IJet -orofit after S 617,490 36.44 593,620 34.77 
taxes — — 
Total fixed and f'6,399,000 S6,979,000 
vTorking capital 
Percent return on 9.65 fo 8.50 fo 
t'ne investment 
C^alculated as 5 percent of t'ne annual sales. 
3^8 percent federal income tsjc and 5 percent state 
income tax. 
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operated at a current density of 150 amperes per sqii^ -re foot. 
It appears that the proposed process is economically feasible, 
since a 10 percent ret\irn on investment is a reasonable 
fi^ re. It is obvious tliat the oost of power is very criti­
cal. If poi!rer could be obtained at 3 3/4 mills per Icilo-^ ratt 
hour, a price -jrhich hcs recently been estimated for the 
southern Nevada region (5), the cost of production -ould be 
marl'edly lovsrer. On the other hand, if power costs irjere much 
above 3 mills per kilowatt hour, the process would not be 
feasible at the present tine. 
140 
Y. GEIISRAL Discussion 
On ths basis of the pxeccnstruction cost estims-tion, it 
can "be concluded that the proposed process is economically 
feasible. A reasonable return on investment, near 10 percent, 
C8.n "be obtained vfnile operating bet-^ reen corrent densities of 
90 and 150 amperes per square foot. ?lie use of the higher 
current density is to be desired, from an economic stand­
point, since less capital is required and a greater percent 
retiorn is realized. Horrever, o-cerational difficulties ere 
greater at the higher current density. 
It was necessary to malce certain assuniptions in order to 
carry out the cost estimation. These ©.ssunptions must be 
borne in mind and necessary adjustments must be made when 
applying tlie cost estiaats to a specific ca.se- Labor costs 
will vary depending UT)on the locality of the plant. The 
cost of -oo-er has been asauracd to be 3 mills per kilo'^ -att 
hour. If the cost ^ ere as little as l/4 of a mill per 
IcilOiTEtt hour lo'~er, the production cost ^ rould be lorrered 
about percent. Thus, it can be seen that the vower cost 
is verv critics.1. The narlcet value of hydrogen has been 
assunied to be 50 cents per thousand cubic feet (1 a'tai., 60*^  F.), 
The value of hydrogen varies 'i^ idely do^ s^nding upon the 
locality. Because of its nature, hydrogen cannot be shipped 
econoisically in large ouantities, but must be used locally. 
The So.50 price is probably high for localities where natural 
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gas can be obtained directly from the field and used to make 
hydrogen. On the other hand, the price is probably lo-^ er 
than prevailing prices where natural gas cannot be obtained 
at a lo:!7 cost. It is obvious that the selling price of the 
hydrogen is also very critical and should be maintained nea-r 
50 cents per thousand cubic feet in order to obtain a reason­
able return. 
It mil be observed that the cost of the concentration 
cells constitutes a good share of the total plant investment. 
Since this cost is reflected in the production cost estimate 
as depreciation, any lessening of the cost of the cells 
would cause a decrease in the production cost. It is be­
lieved that a reduction in the cost of the cells is possible 
if it is given further study. It is recommended that other 
tjrpes of cell design be studied. One possible modification 
TTould be the use of nickel screen electrodes. A deposited 
asbestos diaphragm, similar to that used in the Hooker Type-3 
cell, could be used. It •w'ould be desirable to make the 
commercial cells of a smaller size than the one proposed 
herewith, in certain instances, in order to give more flexi­
ble operation to a- small plant. 
Prior to the construction of a full scale plant, a plant 
scale cell should be built and tested. Considerable 
extrapolation has been used in going from the pilot plant 
cell to the fiill scale plant cell design. Then too, it is 
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impossible to accurately predict certain quantities such as 
tiie amount of moisture and caustic cariry-over, the composi­
tion of the settled salt slurry, 8.nd steaa requirements. 
The proposed process 77ould be i?ell adapted to the soap 
and detergent industry. The caustic could be used in soap 
manufacture and the hydrogen for the hydrogenation of various 
fats and oils. The chlorine could be utilized for the pre-
pa.ration of intermediate products used in the manufacture 
of detergents or in other chemicals. Although some of the 
oxygen conceivably could be used in the preparation of or­
ganic intermediates, it •?7ould be necessary to develop a 
market for the major portion of the ozygen. Some coiild be 
sold as cylinder oxygen on the local market. The remainder 
could be piped to some nearby plant which could profitably 
use low-cost oxygen; for example, an iron and steel mill. 
Another -oossible application of the process is its 
utilization in an integrated heavy chemical industry. The 
process could be used to produce 50 percent caustic soda, 
chlorine, hydrogen, and oxygen. The caustic and the chlorine 
could be marketed as such. The h3'-drogen could be used in 
ammonia synthesis. It would be possible to burn some of 
the hydrogen in air to remove the oxygen present, if nitrogen 
were not readily available. The remaining hydrogren could 
be combined with this nitrogen to form ammonia. The oxygen 
could be used in a contact sulfuric acid pla.nt. It has been 
shown in practice that much greater converter capacities are 
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obtainable ^ hen usirivS oxygen in place of air. Tlius an inte­
grated industry jrould be completed producing caustic soda, 
chlorine, asmonia, and sulfuric acid for marltet. 
Undoubtedly other a"oplications could be found; but, in 
each case, a use must be found for both the h3'"drogen and the 
oxygen. Otherwise, the process would be impractical. 
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VI. COICLUSIOITS 
1. A process has been proposed and demonstrated on a 
small scale in fyhich the effluent from a conventional 
chlorine-caustic electrolytic cell is concentrated in a con­
tinuous manner to a 50 percent caustic soda solution by 
electrolysis of the crater in the solution. The sodiiim 
chloride precipitates from the solution as the sodium hydrox­
ide concentration increases. The process can be operated 
batchwise only under special conditions. 
2. A pilot plant cell to carry out the process was 
designed and operated successfully. On the basis of data 
obtained from the pilot plant cell, a full sized plant cell 
has been designed. 
3. The economics of the process have been studied. A 
plant producing 50 tons of caustic soda per day as a 50 per­
cent solution using the electrolytic concentration -orocess 
will also produce 44.5 tons of chlorine per day, 195 tens 
of oxygen per day, and 25.7 tons of hydrogen per day. -Then 
operating the concentration cells at a current density of 
150 amDeres per square foot, a total fixed ca-oital invest­
ment of f?4,975,000 and a worlcing capital of 5440,000 is 
required. If power is available at 3 mills per kilo^ tt 
hour, oxygen is sold for :^ S.00 per ton, and hydrogen is 
sold for 50 cents per thousand cubic feet, a return on the 
investment of 10.9 percent can be realized. 
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4. The iinportant factors affecting tlie ciiloTine evo-
lution point T?rhen electrolysing the effluent from a chlorine-
caustic cell are (a) electrode material, (b) current density, 
(c) sa.lt concentration, (d) temperature, sjid (e) electrode 
spacing. 
5. Nickel electrodes are sore desirable for the process 
than monel metal or stainless steel electrodes because of 
the lo^ er oxygen and hydrogen overvoltage on nickel. 
6. It is desirable to place the electrodes as close 
together as possible to reduce the voltage requirement. In­
creasing the electrode distance 0.1 to 0.2 inches does not 
have a great effect on the cell voltage at moderate current 
densities and elevated temperatures. 
7. The cell should be operated at an elevated ternpera-
ture. Less po-er is required due to the decrease in solution 
resistance with rise in temperature. 
8. Tnen the cell is being operated near 100° G., the 
cell voltage is "oractically independent of the solution 
concentration between concentrations of from 20 to 50 percent 
sodium hydroxide. As the caustic soda concentration is in­
creased above 50 percent, the voltage increases rapidly. 
9. A considerable riortion of the Trater removed from the 
caustic solution during concentration is removed as entrained 
•57ater and as water vapor. 
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111, SUimABI 
A process is proposed in which the effluent from a con­
ventional chlorine-caustic electrolytic cell is concentrated 
in a continuous manner to a 50 percent caustic soda solution 
"by electrolysis of the v^ ater in the solution. The process 
has heen carried out successfully both in sraall scale equii:)-
raent and on a pilot plant scale. A full scale -olant cell 
has been designed. 
The econoHiics of the process hs-ve been studied and the 
resiolts are presented. The process is econorflically feasible 
in regions of low poorer cost if a market is available for 
the h^ rdrogen and oxygen. 
The factors affecting the chlorine evolution point, 
•ffhen subjecting the effluent from a chlorine-caustic cell 
to electrolysis,have been studied. The relative advantages 
of niclkel, monel raetal, and sta.inless steel electrodes were 
investigated. The effect of solution concentration, tempera­
ture, and electrode spacing on the voltage of the cell was 
studied. 
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Appsisrmx 
NOTE TO USERS 
Oversize maps and charts are microfilmed in 
sections in the following manner; 
LEFT TO RIGHT, TOP TO BOTTOM, WITH 
SMALL OVERLAPS 
This reproduction is the best copy available. 
UMT 
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